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THE VARIETIES OF STEM RUST, PUCCINIA GRAMINIS PERS.., 
OCCURRING ON BARBERRY IN EASTERN CANADA! 


By T. JoHNsON? AND G. J. GREEN® 


Abstract 


In a study of 139 collections of aecia made on barberry in Eastern Canada 
during the period 1944-1949, it was found that variety Secalis of Puccinia 
graminis Pers. occurred in 103, var. Agrostidis in 55, var. Avenae in 33, var. Poae 
in 9, and var. Tritict in 8 collections. From the 33 isolates of var. Avenae, the 
following phy iologic races were determined (frequency of isolation in brackets): 
1 (1), 2 (15), 5 (8), 6 (2), 7 (4', 8 (6), 10 (3), 11 (1), 12 (1). The eigh isolates 
of var. Tritici contained races 15 (3), 21 (1), 38 (1), 56 (1), 87 (1), 111 (1). 
Evidence from field surveys is in agreement with these results in that it indicates 
frequent spread of var. Secalis from barberry to susceptible grasses and of var. 
Avenae to oats. 


Introduction 


It is known from the work of Stakman and his co-workers (8, 10, 11, 12) 
that at least five distinct varieties (formae speciales) of Puccinia graminis 
Pers. produce aecia on barberry in North America, namely the varieties Tritici, 
Secalis, Avenae, Agrostidis, and Poae. No precise knowledge is on record, at 
least for barberry areas in Canada, of the relative frequency of occurrence 
of the aecia of the different varieties. Stakman et al. (11) showed that, im 
collections of aecia made in the United States, variety Secalis occurred almost 
twice as frequently as var. Tritict and about 30 times as frequently as var. 
Avenae. Their study was limited to these three varieties and the work, con- 
sequently, yielded no information on the relative frequencies of vars. A grostidis 
and Poae. 

As barberry is endemic in a number of regions of Eastern Canada and 
frequently bears rather heavy natural infection, it was thought desirable to 
secure as accurate information as possible on the relative frequency of occur- 
rence on it of the different varieties to which it was known to be host in North 
America. 


Although all the varieties mentioned above were known to be present on 
barberry in Canada no systematic survey had been attempted until 1944. In 
the spring of that year arrangements were made with a number of individuals 


1 Manuscript received September 29, 1950. 


Contribution No. 1049 from the Division of Botany and Plant Pathology, Dominion 
Department of Agriculture, Ottawa, Canada. 


2 Senior Plant Pathologist, Dominion Laboratory of Plant Pathology, Winnipeg, Man. 
3 Junior Plant Pathologist, Dominion Laboratory of Plant Pathology, Winnipeg, Man. 


[The December issue of Section C (Can. J. Research, C, 28 : 577-787. 1950.) was 
issued December 28, 1950.] 
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in those parts of Eastern Canada in which barberry was known to occur 
to obtain collections of aecia and send these to the Dominion Laboratory of 
Plant Pathology, Winnipeg, Man. Through the kind assistance of individuals 
too numerous to. mention here it was possible to carry out over a period of 
six years a study of 208 isolates derived from 139 collections of aecia of 
P. graminis. It is the purpose of the present paper to record and interpret 
the results of this study. 


Methods 


Most of the aecia used in these studies had to be shipped for considerable 
distances, and leaves bearing them were often received in a more or less dried 
condition. In earlier studies with aecia received by mail, inoculation was 
performed by scraping the cluster-cup pustules with a scalpel or flat metal 
spatula and applying the spores thus liberated to the surfaces of cereal or 
grass seedlings. Infections obtained by this means were rarely satisfactory. 


In a search for an improved method of inoculation, it was found that on 
leaves received in a partially desiccated condition the aecia would resume 
activity and spore discharge if the leaves were moistened. On the basis of this 
observation, a satisfactory method was worked out of securing viable aecio- 
spores from infected leaves received by mail. 


Infected leaves were sent by air mail immediately or very shortly after 
collection. On receipt, the heavily infected leaf areas were cut out and pressed 
against wet blotting paper on a Petri dish cover. The cover was then placed 
in position so that the cluster cups faced downwards over a glass slide on the 
bottom of the Petri dish. Spore discharge usually commenced in two or three 
hours and continued for 24 hr. or longer. Inoculations were made by pressing 
the glass slide on which the spores had been deposited against seedling leaves. 
If more spores were required than were present on the slide, they could be 
obtained by pressing the slide repeatedly against the infected leaf areas 
attached to the wet blotting paper. By this method a large supply of freshly 
discharged aeciospores could be obtained even from leaves that had arrived 
in a rather dried-up state. 


Varieties of Puccinia graminis Occurring on Naturally Infected 
Barberry in Canada 


During the six-year period 1944-1949, collections of aecia were made 
annually on naturally infected barberry in the eastern provinces, Ontario, 
Quebec, New Brunswick, Nova Scotia, and Prince Edward Island. No collec- 
tions could be obtained from the Prairie Provinces, where barberry is virtually 
nonexistent, except for an occasional collection on a small barberry bush on 
the grounds of the University of Manitoba at Winnipeg. 

To determine which of the varieties of P. graminis were present, aeciospores 
frora each collection were sown on seedlings of wheat, oats, rye, Agrostis alba, 
Poa compressa, and Poa pratensis. <Aeciospores collected in 1949 were sown 
also on seedling plants of Phleum pratense on which, however, no infection 
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developed. In all cases in which infection occurred on wheat or oats, a further 
study was made to determine which physiologic races of wheat stem rust or 
oat stem rust were present. 

It may be gathered from the data in Table I that variety Secalis is more 
prevalent than any of the others on barberry in Eastern Canada. Next in 
prevalence are varieties Agrostidis and Avenae, whereas varieties Tritici and 
Poae are relatively scarce. 


TABLE I 


NUMBER OF ISOLATES OF VARIETIES OF Puccinia graminis PERS. ORIGINATING FROM 139 
COLLECTIONS OF AECIA ON NATURALLY INFECTED BARBERRY IN CANADA, 1944-1949 


| Variety of P. graminis Total 
Year number 

Tritici Avenae Secalis A grostidis Poae isolates 
1944 2 5 32 9 2 50 
1945 | 1 8 17 4 1 31 
1946 | 1 5 19 5 0 30 
1947 3 12 13 10 3 41 
1948 1 3 16 17 3 40 
1949 0 0 6 10 0 16 
Total | 8 33 103 55 9 208 
Total (in per | 3.9 15.9 49.5 26.4 | 4.3 100.0 

cent) 
| 


Table Il shows the physiologic races isolated from those rust cultures classi- 
fied as variety Tritict or variety Avenae. The eight isolates of variety Tritici 


TABLE II 
PHYSIOLOGIC RACES OF VARIETIES Tyritici AND Avenae ISOLATED FROM NATURALLY INFECTED 
BARBERRY IN CANADA, 1944-1949 


Variety Tritici 


Race: | 45 | 56 | 87 111 
| | | 
No. isolates: | 3 | 1 | 1 | 4. 1 
Vartety Avenae 
No. isolates: | 4a | 45 1 1 
| | 


were resolved into six physiologic races: 15, 21, 38, 56, 87, and 111. Of these, 
only races 38 and 56 have been of common occurrence in the uredial collections 
made on cereals and grasses in recent years. One isolate, identified as race 111, 
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was only slightly pathogenic to wheat. As this race has arisen frequently 
from crosses made in the greenhouse between varieties Tritici and Secalis, it 
may, in this instance, have had a similar origin. The 33 isolates of variety 
Avenae were identified as one or another of nine physiologic races. Six of 
these, races 1, 2, 5, 8, 10, and 11, are of common occurrence in uredial collec- 
tions made on oats in Canada; but races 6, 7, and 12, which make up 7 of the 
41 race isolates from barberry, are very rarely found in collections made on 
oats. In the isolates derived from aecia during the period 1944-1949, these 
three races accounted for 17% of the total isolates, whereas in thecollections 
made on oats during the same period they made up only 2.2% of total isolates. 


Evidence for Spread of Rust from Barberry 


In an attempt to relate the data obtained from aeciospore infection studies 
to field observations of spread of rust from barberry, a search was made for 
relevant information in the annual reports of the Canadian Plant Disease 
Survey as well as in private correspondence from persons in Eastern Canada 
who were in the habit of making observations on rusts. 


Numerous references were found to the spread of rust from barberry, parti- 
cularly those resulting in the establishment of local epidemics of stem rust on 
oats. Citation is made below of a few of the observations on record: 


“IT saw one case of spread of stem rust to oats as the result of Dactylis 
glomerata growing near two barberries. ‘The grass provided plentiful inoculum 
for the barberry, and then infection spread from the barberry to the grass and 
from the latter to oats. This was near Charlottetown, P.E.I., August 26, 
1937." (Personal correspondence from Mr. I. L. Conners.) 


“‘Stem rust was observed in 13 fields (of barley) out of 59 examined in N.B., 
N.S., and P.E.I. Usually only a trace of rust was present but a 20% infection 
was found in one field near a barberry hedge at River John, N.S. 

“Traces of stem rust were found in 60 and readable percentages in 44 out of 
233 (oat) fields examined in the Maritime Provinces. While traces of stem 
rust began to be fairly common after Aug. 16, severe outbreaks of stem rust 
were found as early as Aug. 4. Several of these were investigated and in every 
instance the outbreaks centred about plantings of barberry. It was estimated 
that the average damage was 40% within half a mile of each planting and it 
was nearly 100% in the first 100 yards. The damage was negligible elsewhere.”’ 
(I. L. Conners in 17th Ann. Rept. Can. Plant Disease Survey, 1937.) 

“‘Aecia were plentiful on a barberry hedge at Shediac, N.B., on June 10, 
where rust was severe on oats in August.” (J. L. Howatt and S. F. Clarkson 
in 18th Ann. Rept. Can. Plant Disease Survey, 1938.) 


“Stem rust appeared in severe epidemic form in individual fields (of oats) 
near escaped barberry bushes in an area east of Hawkesbury, Ont., where a 
hedge was found on a farm. 


“Stem rust was recorded in only 2 fields of oats out of 107 examined in 
New Brunswick. At Douglastown, where for the third year rust has been 
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found spreading from a single large barberry bush, 35% of rust was reported 
this year.” (S. F. Clarkson in 19th Ann. Rept. Can. Plant Disease Survey, 
1939.) 


“‘Stem rust was observed in only one field (of oats) in N.B., located at Mill- 
town, where the infection was 65%; a barberry bush was found 0.3 miles from 
the field. The importance of the barberry in initiating outbreaks of stem rust 
is evident from observations at other points. At Douglastown, stem rust was 
heavy in nearby fields in 1937, 1938, and 1939, while a large common barberry 
bush stood on a lawn before a village home. In 1940, the bush had been 
removed and stem rust was absent on the grain growing 40 paces from the 
former location of the bush.’’ (S. F. Clarkson in 20th Ann. Rept. Can. Plant 
Disease Survey, 1940.) 


“Stem rust was recorded in only 14 fields (of oats) outof 142 examined in 
N.B., but in six fields infection ranged from 20% to 45%. Aecia were abun- 
dant on the barberry hosts at Hartland in the early summer, and 45% infection 
was present on oats in the milk and dough stage of maturity on August 13.” 
(S. F. Clarkson in 21st Ann. Rept. Can. Plant Disease Survey, 1941.) 


“On Aug. 4, 20% of stem rust was present in a field (of oats) at Hartland, 
about a third of a mile from a barberry hedge.”’ (S. F. Clarkson in 22nd 
Ann. Rept. Can. Plant Disease Survey, 1942. 


ict aia Bond and Erban (oats) sown on June 7 about 100 feet from 24 large 
bushes of Berberis vulgaris set out for rust studies in 1939 near Fredericton, 
N.B., showed 75% and 45% infection, respectively, on Aug. 18, while Erban 
sown on May 20, some 400 yards from the same bush was free from stem rust.” 
(S. F. Clarkson in 23rd Ann. Rept. Can. Plant Disease Survey, 1943.) 


“The severity of stem rust (on oats) in 1945 focussed attention on the 
importance of the barberry in initiating localized epidemics. At Appleton, 
Ont., near Carleton Place, a determined effort to eradicate the common bar- 
berry by spraying the bushes with sodium chlorate or Stephens Weed Killer, 
was started on July 31. The original planting was thought to have been a 
few bushes set out in the village of Appleton some 30 years ago or more. 
Losses from stem rust are said to have become serious in the vicinity, and in 
1930 as many of the escaped bushes as could be located were pulled up or cut 
down. The growers experienced relief from damage for two years, after 
which losses again began to increase.”’” (I. L. Conners in 25th Ann. Rept. Can. 
Plant Disease Survey, 1945.) 


An experiment carried out by Mr. S. F. Clarkson at Fredericton, N.B. 
in 1944 establishes a clear case of spread from barberries of vars. Avenae and 
Secalis of stem rust but not of var. Tritici. Ten varieties of oats, five of 
wheat and two of rye were sown in a plot adjacent to barberry bushes. Heavy 
stem rust infection developed on the susceptible oat varieties and the two rye 
varieties were severely rusted. No stem rust was found on the wheat varieties 
though some of these were highly susceptible to rust. Virtual absence of stem 
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rust on susceptible oat varieties sown at a distance of 400 yd. showed that the 
oat stem rust infection on the other plots could be attributed to spread of rust 
from the barberry plants. 


It is clear from the above observations that barberry has for a period of 
many years been responsible for localized outbreaks of stem rust on oats. 
The scanty evidence for a similar connection with wheat would suggest that 
barberry is much less active in distributing the wheat stem rust, a conclusion 
in good agreement with the results of the aeciospore infection studies. The 
relationship of barberry to stem rust on couch grass, Agropyron repens, the 
chief grass host of rye stem rust, is well established though fewer references to 
it occur in the literature owing to the relative unimportance of that grass as 
an agricultural plant. Evidence for the spread of rust to rye is noted above 
but is not common as rye is a crop little grown in Eastern Canada. Observa- 
tions on the relationship of barberry to rust on Agrostis species are not frequent 
probably because observers have been less interested in this relationship than 
in that of barberry to rust on cereals. 


Discussion 


The work reported in the present paper has demonstrated the relative 
prevalence on barberry in some areas of Eastern Canada of varieties Tritici, 
Avenae, Secalis, Agrostidis,and Poae of P. graminis. It need not necessarily 
be assumed that these account for all stem rust on barberry. Work done in 
Europe has indicated that there the specialization of P. graminis is more 
complex. In addition to the rust varieties mentioned above, Eriksson (3) 
reported the presence in Sweden of variety (forma specialis) Airae on Aira 
caespitosa and A. bottnica, and var. Epigaei on Calamagrostis epigeios and 
C. varia. He also suspected the existence there of vars. Festucae on Festuca 
pratensis; Hierochloe on Hierochloa borealis; and Holct on Holcus lanatus. 
Guyot et al. (5, 6, 7) recognized the existence in Western Europe of a var. 
Lolii, which, however, is not restricted to Lolium species but may also be 
harbored by species of Festuca, Arrhenatherum, Phleum, and Poa, and may to 
some extent attack rye and barley. In America, Fischer and Claassen (4) 
have recorded a collection of stem rust from Agropyron spicatum (Pursh) 
Scribn. and Smith which does not appear to belong to ‘any known variety of 
P. graminis. Levine et al. (9) and Cotter and Levine (2) recognized a var. 
Hordei, cultures of which arose from crosses between vars. Secalis and Tritici 
and between vars. Tritict and Agrostidis. It is possible that the considerable 
numbers of “‘failures’’ in the infection of the hosts used in the present studies 


may have been due to the presence of stem rust strains uncongenial to the 
host plants used. 


The studies here recorded yield some new information on the distribution on 
barberry of the generally recognized North American varieties of P. graminis. 
It should be noted, however, that, in any barberry area, the varietal composi- 
tion of the rust will be influenced by the grass and cereal hosts grown there. 
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In the areas under consideration, primarily Eastern Ontario, Quebec, and 
New Brunswick, it seems probable that oats, the cereal most commonly grown 
in these areas is the only one that plays an important part in spreading rust to 
barberry. This is what might be expected in view of acreages of the different 
cereals. For the period 1934 to 1944, the oat acreage in New Brunswick was 
about 30 times that of wheat and 12 times that of barley. In Quebec, it was 
50 times that of wheat and 11 times that of barley. Even in Ontario, where 
the winter wheat acreage is considerable, the oat acreage was 2.8 times that of 
wheat and 4.8 times that of barley.* Rye, which is grown less than either 
wheat or barley, can play only an insignificant part in the spread of stem rust 
to barberry. The major roles in the infestation of barberry with var. Secalis 
is probably played by couch grass (Agropyron repens) and other grasses 
susceptible to that variety of the rust. 


A considerable part of the aecial infection on barberry in Eastern Canada 
appears to originate from teliospores on species of Agrostis, among which 
A. alba, A. tenuis, and A. stolonifera are probably prominent. Species of Poa 
are likely of some, though lesser, significance. The ubiquity of Kentucky 
blue grass, Poa pratensis, would lead one to suppose that variety Poae would 
be more prevalent on barberry than it appears to be. Infection studies with 
this grass, however, have shown it to be less susceptible to variety Poae than 
is Canada blue grass, Poa compressa, and these results are confirmed by the 
fact that rusted specimens of Poa received from Eastern Canada are generally 
attributable to P. compressa. Resistance in the more widely distributed 
P. pratensis is perhaps largely accountable for the rarity of rust variety Poae. 


Field observations are generally directed to noting the spread of rust from 
barberry to the graminaceous hosts, particularly the cereal hosts. The 
numerous references in the Annual Reports of the Canadian Plant Disease 
Survey to the spread of stem rust from barberry to oats leave no doubt that 
much of the oat stem rust occurring in Eastern Canada derives from the bar- 
berry. The function of grasses in the spread of stem rust from barberry is 
less well documented. There is evidence that orchard grass (Dactylis 
glomerata) will spread stem rust of oats and that couch grass (Agropyron 
repens) is similarly active in the spread of stem rust of rye. That species of 
Agrostis are frequently rusted in the proximity of barberry is attested by the 
many samples of rusted Agrostis spp. collected near barberry bushes and for- 
warded to the writers. The scarcity of published records of such instances 
is probably due to the fact that A grostis spp. are not regarded as very important 
agricultural plants. The scarcity of published accounts of the rusting of Poa 
spp. near barberry is perhaps, in part, due to the same reason. 


Rye stem rust (var. Secalis), which is the most prevalent stem rust variety 
on barberry, is in general regarded as of little economic importance for the 
reason’ that its chief cereal host, rye, is grown less than the other cereals and, 
moreover, often escapes infection. Rye stem rust may, however, be of greater 


* These figures were derived from data given in the Canada Year Book. 
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significance than is supposed, owing to its ability to attack barley. As wheat 
stem rust (var. Tritici) also attacks barley, it is often assumed that the rust 
on barley plants is wheat stem rust. That this is not always the case is shown 
by infection studies carried out with 37 collections of stem rust on barley 
made in 1949. In these, var. Tritici occurred alone in 23 collections, var. 
Secalis alone in six collections, and both varieties together in eight collections. 
In one locality, Fredericton, N.B., there was evidence of heavy infection of 
barley by var. Secalis. At this point one of the uniform rust nurseries, con- 
taining varieties of wheat, oats, and barley, had been planted. Stem rust 
was not found on wheat or oats, indicating that vars. Tritici and Avenae were 
absent. The four barley varieties included, namely Goldfoil, Gold, Vantage, 
and H. 106, showed stem rust infection recorded as 70%, 50%, 60%, and 40%, 
respectively. Infection studies showed on these varieties the presence of 
var. Secalis but not of var. Tritici. Not only was var. Secalis causing rust 
on barley, but it was rusting rather heavily two barley varieties (Vantage and 
H. 106) that had proved highly resistant to wheat stem rust. 


The above and other available data suggest that more consideration than 
heretofore should be given to the ability of var. Secalis to attack barley varie- 
ties. It is known (1) that a number of physiologic races of this rust exist in 
North America and it has furthermore been established* that at least one of 
them can vigorously attack seedlings of the barley variety Peatland from 
which the above mentioned variety, Vantage, derives its resistance. The 
possibility exists, too, especially in regions where barberry is present, that stem 
rust strains specially adapted to barley may occur on that host. Levine et al. 
(9) obtained, from crosses between varieties Secalis and Tritici, strains of stem 
rust that would not successfully attack cereals other than barley. These 
strains they assigned to a var. Hordei of P. graminis. Later, Cotter and 
Levine (2) obtained similar strains from crosses between varieties Tritici and 
Agrostidis. As such strains have been produced in controlled crosses, there 
seems to be no reason why they might not also arise from naturally infected 
barberries. 
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SOME EFFECTS OF ETHYLENE ON GERMINATING WHEAT! 
By D. W. A. RoBERTs? 


Abstract 


Ethylene at concentrations of 0.2% to 1.0% in air causes inhibition of the 
elongation of the shoots and roots of germinating wheat without any inhibition 
of the rate of carbon dioxide emission. Gassing does not cause any major dis- 
turbances in gross protein hydrolysis in the endosperm, protein synthesis in the 
embryo, or translocation of nitrogenous substances as judged by soluble and 
protein nitrogen determinations. The dry weight of treated embryos is similar 
to that of untreated embryos of similar age during the first five days of germina- 
tion. Treatment inhibits the water uptake of the embryos during the second, 


third, and fourth days of germination but increases the water uptake during the 
fifth day. 


Introduction 


The surprising observations of Smith and Gane (15) on the effects of apple 
emanations on the respiration record of germinating pea seedlings interested 
the author in the effects of ethylene on plants. These authors found that apple 
emanations will inhibit the growth of pea seedlings without influencing their 
respiration record. The growth of wheat seedlings was not affected. They 
assumed that the active substance was ethylene which has been chemically 
identified in apple emanations by Gane (6) and in banana emanations by 
Niederl, Brenner, and Kelley (13). Mack and Livingstone (10) obtained 
inhibition of the growth of wheat seedlings using mixtures of ethylene, nitrogen, 
and oxygen. However these authors found that the rate of carbon dioxide 
evolution could be lowered or raised above that in untreated seedlings by 
altering the oxygen content of the gas stream. For an air stream containing 
20% oxygen the rate of carbon dioxide emission was similar in treated and 
untreated seedlings. In the present investigation an attempt has been made 
to confirm some of the results of Mack and Livingstone for wheat using 
mixtures of ethylene and air and to assess the effect of the ethylene treatment 
on overall protein metabolism, nitrogen translocation, and water uptake in 
the germinating wheat grains. 


Under some circumstances, and possibly in most plants and plant parts, 
ethylene is a normal metabolite. Ethylene is given off by ripening apples (6), 
plums, peaches (9), citrus fruits (12), bananas (13), pears, tomatoes, canta- 
loupe, squash, eggplant, avocado, loquat, leaves of dandelions, peonies, and 
rhubarb, asparagus shoots, dandelion flowers, and seeds from fresh unripe pods 
of lima beans and peas (3). It has been suggested that it may be associated 
with the auxins in some way (1) but this association has been questioned (11). 


Manuscript received October 16, 1950. 
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Alta. Formerly—Research Associate, National Cancer Institute of Canada. The author is 
grateful to the National Cancer Institute of Canada who financed the research reported in the 
present paper and to Prof. G. H. Duff of the Department of Botany, University of Foronto, who 
made his laboratory facilities available for that purpose. 


> 
a 
a 


ROBERTS: ETHYLENE AND GERMINATION OF WHEAT 11 


Materials and Methods 


In the present set of experiments grains of Triticum dicoccum Schubler var. 
Khapli of the most recent crop year supplied by the University of Saskat- 
chewan Department of Field Husbandry (their strain No. 681) were used. 
Germination was allowed to occur in the dark, in respiration chambers im- 
mersed in a water bath kept at 22.2°C. Forty or fifty grains were used and 
were placed on 3 in. thick grade “‘R”’ filtros discs (supplied by Filtros Inc., 
East Rochester, N.Y.) set in Petridish bottoms. Sufficient carbon dioxide free 
distilled water was added to the Petri dishes to bring the water level just up to 
the top of the filtros discs. In this way the seeds were kept moist and well 
aerated at the same time. The effects of some methods of surface sterilization 
on the respiration record were investigated. These results are reported in 
the next section. Since, however, it was not desirable to follow the respiration 
record beyond five days in the present experiments surface sterilization was 
dispensed with. 


The respiration records were constructed from determinations of carbon 


dioxide emission by the automatic Pettenkofer method using an air flow of 
approximately 1.5 liters per hour. Time intervals of three hours were used. 


The water contents were calculated from fresh weight determinations and 
from dry weight determinations made after 18 hr. drying in an oven at 100° C, 


The coagulable and colloidal (subsequently referred to as protein) nitrogen 
and the water soluble, noncolloidal nitrogen were determined, after suitable 
separation, by the Kjeldahl method using mercuric oxide as a catalyst, as 
recommended earlier (14). 


In order to supply known concentrations of ethylene to the germinating 
wheat, ethylene of the grade used for anaesthesia was introduced into the air 
streams passing over the grains at a known rate by the gas dispenser described 
below. The speed of the air stream was measured by a Flowrator and con- 
trolled by inserting or removing capillary tubing from the air stream pathway. 


The construction of the gas dispenser is shown in Fig. 3. It consists of a 
500 ml. graduated glass reservoir connected to a mercury manometer. The 
gas in the reservoir is forced out through a piece of capillary tubing at the top 
of the reservoir by a constant pressure which is determined by the difference 
in level of the mercury in the two arms of the mercury manometer. As the gas 
leaves the reservoir the pressure in the latter decreases causing the difference 
in level between the two sides of the manometer to decrease. This lowers the 
level of mercury in the left hand side of the manometer and so opens an electric 
circuit (6 v. d-c.). The opening of this circuit causes a relay to close the circuit 
supplying current to the electrolytic cell in the right hand glass bulb. In the 
electrolytic cell hydrogen and oxygen are produced which raise the water level 
in the gas reservoir and so increase the pressure there until the mercury level 
in the left hand side of the manometer rises and closes the 6 v. d-c. circuit 
which then shuts off the current to the electrolytic cell. The 60 w. electric 
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light bulb is connected in series with the electrolytic cell across the 110 v. 
d-c. mains and the light serves both as a pilot light and a current limiting 
device. The rate at which ethylene is forced out through the tube at the top 
right hand side is controlled by (1) the length of capillary tube used, (2) bore 
of capillary tube used, (3) the difference in mercury level in the manometer 
which is controlled by the setting of the adjustable contact. The adjustable 
contact consists of a piece of nichrome wire connected to a threaded rod passing 
through a threaded bakelite plug at the top of the left side of the manometer. 
If the apparatus is to be used in a room where temperature fluctuations are 
great or rapid, the gas reservoir should be supplied with a water jacket through 
which water at a constant temperature can be circulated. 

The gas dispenser described above could be used with any gas which is not 
extremely soluble in water. For gases which are very soluble in water mercury 
might be used to force the gas out of the reservoir, in which case the dimensions 
of the latter would have to be greatly reduced on account of the great weight 
of mercury involved. In substituting mercury for water, there might be 
an additional danger of introducing mercury poisoning in the plant material 
under investigation, if the plant is very sensitive to mercury vapor. Germin- 
ating wheat seeds do not show any signs of mercury poisoning with the equip- 
ment used in the present investigations although the mature leaves are quite 
sensitive to mercury vapor poisoning. 


Some Conditions Affecting Germination of Wheat Grains 


During the preliminary investigations connected with the present research 
several interesting points, which are worthy of note, were encountered. In 
this section, the effect of the age of the seed, year in which the seed was 
produced, water supply during germination, and surface sterilization will be 
discussed since these conditions must be standardized if comparable results 
are to be obtained. 


In tests on the germination of wheat under controlled conditions it was 
noticed that seed that was a year old was slightly slower in germinating than 
new seed. A few experiments were then carried out on the respiration rates 
of germinating seeds using the Barcroft method for measuring oxygen up- 
take (4). The results of these experiments are given in Table I. The R.Q. 
was determined by performing parallel experiments in which the alkali was 
omitted from the well. This method of determining R.Q. may be used con- 
veniently as long as the liquid volume is sufficiently small compared with the 
gas volume that the solubility of carbon dioxide in the liquid may be ignored 
as is shown by the fact that the oxygen and carbon dioxide constants for the 
flasks when calculated from the complete formula given by Dixon (4) are in 
close agreement with each other. 

An examination of the results in Table I shows that a drop occurs in the 
respiration rate (calculated as mgm. of oxygen uptake per hour per 100 gm. 
dry weight of seeds) reached after 20 hr. as the storage time of the grain 
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TABLE I 
THE INFLUENCE OF SEED AGE ON THE R.Q. AND RESPIRATION RATES OF GERMINATING WHEAT 
GRAINS 
Crop year of grain 
Date of test 

1946 1945 1940 1938 
October 1946 R.Q. 0.6 0.9 1.7 1.9 
October 1946 Respiration* 39 49 20 20 
October 1946 Respiration* 32 46 16 22 
October 1947 Respiration* 25 31 14 19 


* Respiration rates are expressed as mgm. oxygen uptake per hour per 100 gm. dry weight of 
seed for the 20th hour after the grains were moistened. 


increases. The respiration rate plotted against time during these first 20 hr. 
gives a linear graph after the first two or three hours. By the Barcroft method 
oxygen uptake can easily be detected within the first half hour after moistening 
the grains if a reasonable size of sample is used. The average value of the 
R.Q. during the first two hours after moistening shows a very marked increase 
as the seeds age. This suggests that there might be partial failure on the part 
of the enzymes involved in hydrogen transfer as the grains age. During the 
early stages of the respiration record of germination, the R.Q. values tend to 
approach unity as germination progresses. 


It seems probable that the differences between the respiration rates of the 
1945 and 1946 crop year grains are due to the conditions of growth of the 
parent plants and the ripening grains. 


Filtros discs of four types were used in the preliminary experiments on the 
air line of germinating wheat grains. It was found that grade ‘‘R”’ and grade 
“H” porosity discs gave similar results provided that they had the same 
thicknesses. The close agreement between the results obtained with the two 
types of discs can be seen from an examination of Table Il. However if 35 ml. 
of water was added to the Petri dishes in all cases, the grains placed on the 1 in. 
thick discs showed lower rates of carbon dioxide emission than those on the 
3 in. thick discs. Fig. 1 shows the form of respiration records of the germin- 
ating seeds and the slower rise in respiration that occurs on the thicker discs. 
Since the tops of the thicker discs are higher above the water level than the 
tops of the thinner discs then it is probable that the water available to the 
grains on the thicker discs will be less. It has been assumed that the lower 
respiration rates of the grains on the thicker discs is due to reduced water 
supply. This reduced water supply causes a reduction in the growth rate of 
the seedlings. The average shoot length 93 hr. after moistening at 22.2° C. 
for the grains on the 3} in. thick discs was 55.6 mm. with a standard deviation 


14 CANADIAN JOURNAL OF BOTANY. VOL. 29 


TABLE II 


RESPIRATION RECORDS OF WHEAT GERMINATED ON DIFFERENT TYPES OF FILTROS DISCS 


ae Respiration, mgm. carbon dioxide per 50 seeds per hour at 22.2°C. 
Re 3 in. grade ‘“‘R” | 4 in. grade ‘‘H’’ ] 1 in. grade “‘R’”’ | 1 in. grade ‘‘H”’ 
0- 3 0.63 0.44 0.29 0.28 
3- 6 0.36 0.39 0.33 0.31 
6- 9 0.58 0.63 0.52 0.36 
9 - 12 0.87 0.78 0.54 0.50 
12 - 15 1.13 1.09 0.72 0.68 
15 — 18 1.30 1.28 0.91 0.95 
18 - 21 1.50 4.33 1.08 1.23 
21 -— 24 1.78 1.45 1.16 1.18 
24 - 27 1.98 1.81 eS | 1.37 
27 - 30 2.20 2.09 1.47 1.58 
30 - 33 2.35 2.30 1.66 1.78 
33 - 36 2.68 2.52 1.97 1.81 
36 - 39 2.96 2.72 2.01 1.89 
39 - 42 3.16 2.92 2.08 2.07 
42 - 45 3.63 3.85 2.38 2.20 
45 - 48 3.65 3.26 2.38 2.28 
48 - 3.95 3.53 2.22 
51 54 3.93 3.65 2.43 
54 - 57 4.13 3.74 
57 - 60 4.33 3.96 2.72 2.08 
60 — 63 4.43 4.24 2.59 2.80 
63 — 66 4.73 4.53 2.83 2.65 
66 — 69 5.20 4.94 3.23 2.93 
69 - 72 5.43 5.49 3.09 3.08 
72 - 75 3.29 3.08 
75 78 5.80 5. 3.32 3.21 
78 — 81 5.76 5.49 3.20 3:22 
81 - 84 5.87 5.87 3.40 3.22 
84 - 87 5.93 5.78 3.56 3.33 
87 - 90 6.03 5.93 kr 3.36 


of 17.4 mm. while on the 1 in. discs the average was 26.5 mm. with a standard 
deviation on 15.0mm. There was slightly more mold on the group which had 
grown more slowly. On the basis of these results the 4 in. thick discs were 
chosen for use in the ethylene experiments. The results also suggest an easy 
method for examining the effect of water supply on the germination of seeds. 
It is interesting to note that slightly reduced water supply reduces respiration 
rate and growth in length of wheat seedlings. This is in strong contrast with 
the results obtained with ethylene where reduced growth in length is not corre-- 
lated with reduced respiration rate. 


During the preliminary experiments mold was encountered. Since it was 
feared that treatment of the germinating grains with ethylene might greatly 
increase the mold, some experiments were made on the effect of surface 
sterilization of the grains in an effort to control the mold. Surface sterilizing 
agents are poisons and they will damage the grains if the latter are given too 
long a treatment. A treatment which will not alter the normal respiration 
record of the germinating grains yet will control the mold is necessary. 
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Fic. 1. The respiration records of germinating wheat grains 
on two types of “Filtros’’ discs. 


Since bromine water is recommended by White (16), a group of grains was 
treated for 15 min. with 1% bromine water. No subsequent washing with 
sterile water was used. This treatment severely inhibits growth and respira- 
tion (see Fig. 2). A second test with bromine was made in which the seeds, 
enclosed in a cheesecloth bag, were suspended in the air above a 1% bromine 
water solution for eight minutes and then allowed three hours’ exposure to 
the air to remove as much as possible of the bromine before the seeds were 
moistened in the respiration chamber. Even this treatment caused a marked 
retardation of growth and some inhibition of respiration. Both bromine 
treatments gave good control of mold. Much milder treatment with bromine 
vapor might prove satisfactory. 


A 40 min. treatment with absolute alcohol followed by washing in sterile 
water caused some inhibition of respiration and gave unsatisfactory control 
of mold growth. In fact, even with hypochlorite, unsatisfactory control 
of mold was obtained if the grains were subsequently washed. This prob- 
ably arose from the fact that it was impractical to attempt to set out the 


seeds in the two piece respiration chambers aseptically and no attempt was 
made to do this. 
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Wilson (17) recommends the use of calcium hypochlorite as a seed sterilizer. 
Supposedly it is the free chlorine that is the effective agent. Consequently 
a 1% solution of sodium hypochlorite was tested. With one-half hour treat- 
ment some inhibition of respiration occurred as can be seen from Fig. 2 but 
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Fic. 2. The effect of different surface sterilizing agents on the 
respiration of germinating wheat. 


with only 10 min. treatment no appreciable inhibition of respiration was caused 
as the data of Table III show. Both these treatments gave good mold 
control. The 10 min. treatment with 1% sodium hypochlorite (British Drug 
Houses 5% active chlorine preparations diluted to one-fifth strength) is 


recommended for use in respiration work to control molds provided that no 
It seems likely that the chlorine 


washings with sterile water are used. 
diffusing away from the grains in the respiration chamber sterilizes the inside 


of the chamber and prevents mold contamination. 


A test was also conducted with propylene oxide following the directions of 
This treatment did not interfere with the respiration 


Hansen and Snyder (7). 
record as is shown in Table III but it did not give satisfactory mold control 


under the rather difficult conditions of my experiments. 
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TABLE III 


THE EFFECT OF DIFFERENT METHODS OF SURFACE STERILIZATION ON THE RESPIRATION RECORD 
OF GERMINATING WHEAT 


Respiration in mgm. carbon dioxide per 50 grains per hr. at 22.2°C. 
Hours after 
moistening Control 10 min. to 1% 1 hr. exposure 
sodium hypochlorite | to propylene oxide 
0- 3 0.19 0.42 0.37 
3- 6 0.25 0.32 0.33 
6- 9 0.52 0.50 0.52 
9 - 12 0.70 0.65 0.75 
12 - 15 0.91 0.64 0.86 
15 - 18 1.83 0.99 1.04 
18 - 21 1.29 1.33 
21 -— 24 1.44 1.10 1.56 
24 - 27 1.27 1.73 
27 - 30 1.82 1.52 1.98 
30 - 33 2.05 1.67 2.14 
33 -— 36 2.18 1.91 2.45 
36 — 39 2.40 2.02 2.65 
39 -— 42 2.74 2.35 2.79 
42 — 45 3.00 2.57 2.95 
45 - 48 3.02 2.79 3.05 
48 - 51 2.95 2.98 S20 
51 - 54 3.18 3.26 3.30 
The Effects of Ethylene 
Growth 


The visible effects of ethylene on growth were similar at the two concen- 
trations tested. Concentrations of 1 part in 500 of air and 1 part in 100 of air 
were used. Figs. 4 and 5 (Plate II) show the visible effects of ethylene treat- 
ment (Fig. 5) as compared with the untreated controls (Fig. 4). The material 
for these photographs was selected from a population grown at 22.2°C. 
90 hr. after the grains were moistened. The treated samples were given 
ethylene continuously at a concentration of 1 part in 500 of air. Figs. 4 and 5, 
which are approximately the same magnification, show clearly the marked 
inhibition of elongation of roots and shoots which occurs in the ethylene 
treated samples. A comparison of the plates also shows the pronounced 
twisting of the roots (in extreme cases tight spirals are produced) and several 
of the seedlings show the dense growth of root hairs that frequently accompanies 
ethylene treatment. Occasional roots occur in which the root hairs extend to 
within 2 mm. of the root tip of the gassed seedlings. The twisting and 
excessive root hair formation of ethylene treated roots have been observed by 
earlier authors (1, 9). Growth rigor was also observed in the roots of treated 
plants, especially in the twisted regions (cf. 1). 

A few root tips of control and treated seedlings (1 part ethylene in 500 
parts air) were fixed in Benda and stained with the Feulgen method. An 
examination of the mitotic figures showed no disturbances in the treated roots. 
No attempt was made to find out whether treatment reduced the frequency 
of cell division. 
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Measurements of the lengths of the roots and shoots of normal and gassed 


plants were made after varying lengths of time following moistening. 


Data 


were obtained at ethylene concentrations of 1 in 500 and 1in 100. The results 
of these measurements are given in Tables 1V and V. These two tables show 


TABLE I 


V 


THE EFFECT OF ETHYLENE ON SHOOT ELONGATION OF GERMINATING WHEAT 


Average lengths of 40 shoots in mm. 


Age in days 
Normal 0.2% ethylene 1% ethylene 
1 2.10 2.43 1.63 
1 1.74 2.01 
1 1.69 
2 8.02 5.67 5.37 
2 6.79 6.05 
2 5.56 5.74 
3 22.64 12.41 11.54 
3 17.32 10.88 
3 18.68 10.83 
4 36.52 18.23 20.49 
30.50 19.28 
4 20.15 
5 38.54 | 24.62 


TABLE V 


THE EFFECT OF ETHYLENE ON THE ROOT DEVELOPMENT OF GERMINATING WHEAT 


Average number of roots per 40 
Age in seedlings 
days 
T 0.2% 
Normal ethylene ethylene 
1.89 0.83 0.43 
1 1,13 1.02 
1.40 1.05 
2.68 2.49 2.61 
2 2.41 2.45 
2.36 2.2% 
3.88 3.57 3.76 
3.05 3.05 
3.20 3.29 
4.56 4.02 4.23 
4 3.98 
4.39 
5 4.08 3.78 


Average length of roots of 40 


Normal 


seedlings in mm. 


0.2% | 
ethylene | 


1.% 
ethylene 
1.76 
6.34 


10.05 


13.59 
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that the inhibition of growth of roots and shoots is not appreciably different 
at the two concentrations of ethylene used in the experiments. It will be 
noted that the inhibition of shoot elongation does not become very marked until 
the third day of treatment, while the inhibition of root elongation is quite 
marked by the second day. By the fourth day the shoot length is only 51% 
of normal in the gassed plants while the root length is 67% of normal. The 
number of roots produced by gassed germlings is approximately normal. These 
data clearly establish the inhibition of growth due to gassing with ethylene 
at the concentrations under consideration. 


Carbon Dioxide Emission 


The carbon dioxide emission rate of the germinating grains was determined 
as described above. Germination was carried out at 22.2° C. in air or in an 
atmosphere containing traces of ethylene. Tables VI and VII give the data 
obtained. These two tables show that the rate of emission of carbon dioxide 
is the same at any given time after germination starts whether the grains 
germinate in air or air containing 0.2% or 1% ethylene. The form of the 
record is similar to that shown in Figs. 1 and 2. 

Some of the results of Mack and Livingstone (10) are thus confirmed by 
the present set of experiments. It is probable that Smith and Gane (15) 
failed to get similar results on cereals because their ethylene concentrations 
were toolow. The cereals are known to be relatively insensitive to ethylene. 
Ethylene at a suitable concentration can produce inhibition of growth of wheat 
without causing inhibition of respiration. This stands out in sharp contrast to 
the effect of water deficiency and the effects of poisons used for surface steriliza- 
tion described above. 


Distribution of Nitrogenous Substances 


On account of the apparent inhibition of growth caused by gassing, an 
investigation of the gross protein metabolism of the germlings was made. 
Protein nitrogen and soluble nitrogen determinations were made on the 
endosperms and embryos of the germinating wheat in ethylene free air and 
in air containing 0.2% ethylene. Tables VIII and IX show that the distribu- 
tion of protein and soluble nitrogen in normal and treated seedlings is similar. 
This means that treatment with ethylene does not seriously interfere with 
protein synthesis in the embryo, the degradation of reserve proteins in the 
endosperm, or the transport of soluble nitrogenous susbtances from the endo- 
sperm to the embryo. 

The data presented in Tables VIII and IX conform closely to expectations. 
The protein nitrogen in the endosperms gradually diminishes as it is hydrolyzed 
into simpler nitrogenous compounds which are found to accumulate. The 
protein content of the embryos gradually increases as they grow. There is a 


Fic. 4. Ninety-hour-old wheat seedlings germinated in an air stream at 22.2°C. 


Fic. 5. Ninety-hour-old wheat seedlings germinated in an air containing 0.2% ethylene 
at 
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TABLE VI 


THE EFFECT OF 0.2% ETHYLENE IN AIR ON THE RESPIRATION RECORD OF GERMINATING WHEAT 


a Respiration rate in mgm. carbon dioxide per 50 grains per hour at 22.2°C. 

eae Control 0.2% ethylene Control 0.2% ethylene 
0- 3 0.53 0.78 0.76. 0.64 
3- 6 0.62 0.69 0.69 0.76 
6- 9 0.86 0.81 0.93 0.78 
9-12 1.04 0.93 1.01 0.93 
12 - 15 t.22 1.18 1.08 1.09 
15 - 18 Oe 1.29 2.31 1.34 
18 - 21 1.38 1.55 ..o5 1.42 
21 - 24 1.35 1.58 1.81 1.60 
24 - 27 1.82 - 1.67 1.69 
27 30 1.90 2.03 
30 - 33 2.07 2.10 2.20 1.98 
33 - 36 2.19 2.22 2.25 2.32 
36 - 39 2.30 2.45 2.50 2.50 
39 — 42 2.46 2.55 2.96 2.50 
42 - 45 2.67 pe 2.42 2.69 
45 - 48 2.88 2.94 2.98 2.83 
48 - S1 2.85 2.89 
51 - 54 3.06 3.18 3.05 ants 
54 - 57 3.04 3.22 3.28 3.10 
57 60 $3.15 3.36 3.23 
60 — 63 3.45 3.40 3.5 3.33 
63 — 66 3.37 3.62 a1 3.46 
66 — 69 3.83 3.63 3.70 3.45 
69 - 72 3.64 3.68 3.70 3.55 
72 - 75 3.62 3.57 
75 - 78 3.83 4.18 4.17 3.60 
78 -— 81 3.83 4.17 4.19 3.70 
: 81 - 84 3.88 4.13 4.01 3.74 
2 84 — 87 3.92 4.00 4.13 3.67 
Be 87 -— 90 4.03 4.23 4.26 3.79 
90 -— 93 4.32 4.26 4.27 3.92 
93 — 96 3.98 4.63 4.08 3.97 
96 - 99 4.37 3.97 
99 102 4.54 4.63 4.14 
102 - 105 4.47 4.74 4.50 4.23 


* Experiment interrupted to make measurements of root and shoot growth. 


great increase in the soluble nitrogenous compounds in the embryos as they 
age. This is normal in seeds germinated in the dark. Both normal and gassed 
seedlings show these changes to the same degree. 


Dry Matter and Water Content 


Since it has been found that gassing with ethylene does not change the gross 
protein metabolism or the carbon dioxide output (and therefore probably also 
the carbohydrate metabolism) an investigation of the water content and up- 
take of the germinating grains was made in order to find out whether the 


inhibition of growth was due to the failure of the gassed seedlings to take up 
water. 
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TABLE VII 


THE EFFECT OF 1% ETHYLENE IN AIR ON THE RESPIRATION RECORD OF GERMINATING WHEAT 


Hours after Respiration rate in mgm. carbon dioxide per 50 grains per hour at 22.2°C, 
montenng Control 1% ethylene Control 1% ethylene 
0o- 3 0.45 0.95 0.49 0.69 
3- 6 0.43 0.61 0.83 0.35 
6- 9 0.69 0.69 0.87 0.62 
9 - 12 0.99 0.91 1.00 1.03 
12 - 15 1.38 1.24 1.31 1.06 
15 - 18 1.28 1.34 1.22 1.34 
18 - 21 1.45 1.43 1.43 1.75 
21 - 24 1.52 1.43 1.78 1.66 
24 - 27 1.74 1.65 1.80 1.65 
27 - 30 1.85 1.91 1.95 1.78 
30 — 33 2.07 2.09 2.13 2.03 
33 - 36 2.18 2.12 2.45 2.18 
36 - 39 2.30 2.20 2.38 2.29 
39 — 42 2.31 2.42 
42 - 45 2.65 2.51 2.99 2.55 
45 48 a. 2.66 
48 - 51 2.98 2.98 2.85 
$1 - 54 3.20 2.90 2.95 2.92 
54 - 57 3.45 3.17 3.04 3.09 
57 60 3.46 3.17 3.20 
60 - 63 3.35 3.58 3.28 3.25 
63 — 66 3.50 3.66 3.31 3.41 
66 — 69 3.57 3.80 3.44 3.36 
69 72 3.64 3.63 
72 - 75 3.62 4.01 3.58 3.58 
75 78 a. 4.28 3.58 3.6 
78 - 81 3.80 4.18 3.74 3.80 
81 - 84 4.18 4.18 3.49 3.76 
84 - 87 4.13 4.13 4.09 3.78 
87 - 90 4.16 4.12 3.97 4.0! 
90 - 93 4.45 4.26 4.13 4.01 
93 - 96 . 4 4.19 4.23 
96 - 99 4.37 4.45 4.33 4.80 
99 - 102 4.58 4.80 4.56 4.41 
102 — 105 4.61 4.78 4.37 4.18 


* Experiment interrupted to make measurements of root and shoot growth. 


In carrying out these experiments groups of 40 grains were germinated under 
the conditions described above. The endosperms were separated from the 
embryos after the time intervals specified in the tables of data. Each set of 
determinations except those taken after four days were made six times, while 
the determinations made after four days’ growth were made eight times. The 
figures in Tables X and XI are the average values obtained from these sets of 
measurements. 

Table X shows that there is not much difference between the behavior of 
ethylene treated endosperms and normal endosperms. The quantity of water 
in the endosperms does not change much after the first day. From Table XI 
it is seen that the dry matter of normal and treated embryos of similar ages 
is nearly the same in quantity. There is possibly a smaller amount of dry 
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TABLE VIII 


THE EFFECT OF ETHYLENE ON THE PROTEIN CONTENT OF THE ENDOSPERMS AND EMBRYOS OF 


GERMINATING WHEAT 


Age in days 


THE EFFECT OF 


Age in days 


Protein nitrogen in mgm. per plant 
Endosperms Embryos 
Normal 0.2% ethylene | Normal 0.2% ethylene 
| 
1.056 1.048 | 0.094 0.102 
0.943 1.128 | 0.102 0.097 
0.962 0.925 | 0.152 0.147 
0.805 0.970 | 0.143 0.136 
0.735° 0.808 0.172 0.200 
0.700 0.752 | 0.176 0.198 
0.505 0.610 | 0.267 0.247 
0.514 | 0.630 | 0.251 0.282 
0.589 | 0.411 0.248 0.302 
0.375 | 0.457 0.315 0.282 
| 
TABLE IX 
LIHYLENE ON THE SOLUBLE NITROGEN CONTENT OF THE ENDOSPERMS AND 


EMBRYOS OF GERMINATING WHEAT 


Endosperms 


Soluble nitrogen in mgm. per plant 


Embryos 


| Normal 0.2% ethylene Normal 0.2% ethylene 
0.061 0.040 0.038 0.029 
0.067 0.052 0.039 0.029 
0.083 0.071 0.075 0.053 
0.067 0.105 0.071 0.104 
0.112 0.112 0.103 0.108 
0.13 0.124 0.126 0.105 
0.150 0.176 0.206 0.179 
0.149 0.156 0.192 0.201 
0.183 0.202 0.222 0.231 
0.192 0.170 0.278 0.342 


matter in the treated embryos at the three to four day stage than there is 


in the corresponding normal specimens. 


At the three to 


four day stage the 


wet weight of the treated embryos falls far below that of the normal embryos. 
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TABLE X 


THE EFFECT OF ETHYLENE TREATMENT ON THE WATER CONTENT AND DRY WEIGHT OF THE 
ENDOSPERMS OF GERMINATING WHEAT 


| 
Untreated | Treated with 0.2% ethylene 
Age in | | | 4 
‘ days Wet Dry Weight | Weight | Wet | Dry Weight Weight 
- weight, | weight, water, | added, | weight, | weight, ane added 
mgm. mgm. mgm. | ‘men. | mgm. mgm. mgm, men. 
1 49.8 29.7 20.1 | — | 49.5 | 29.7 19.8 — 
2 48.0 28.5 20.5 | 0.4 48.0 | 27.1 20.9 1.1 
3 44.0 24.0 | 20.0 45.6 24.9 20.7 - 
| 2.3 42.0 | 21.1 20.9 0.2 
5 AS 24.8 | 2.3 38.8 | 17.6 0.3 
| 


TABLE XI 


THE EFFECT OF ETHYLENE TREATMENT ON THE WATER CONTENT AND DRY WEIGHT OF THE 
EMBRYOS OF GERMINATING WHEAT 


Untreated Treated with 0.2% ethylene 
Age in | | Teig 
days | Wet | Dry | Weight | Weigh" | Wee | Dry | Weight | Weight 
| weight, | weight, water, | weight, | weight, | water, 
} | | added, | added, 
mgm. mgm. mgm. | mgm. mem. mgm, | 
| | | | mem. | | | mgm. 
6.53| 1.60 | 4.93) 4.9 | 6.60 | 1.44 | 5.16 5.2 
2 | 19.2 | 2.79 | 16.4 | 11.5 16.0 | 2.77 | 13.2 | 8.0 
3 | 36.6 | 4.79 31.8 | 15.4 30.5 | 4.40 | 26.1 | 12.9 
4 | 0.0 | 7.65 | 62.3 |) 5 45.2 | 6.80 | 38.4 | 12.3 
|} 8. 2 5 48 | 67.0 | 28.6 


to 
a 


Apparently by the fifth day the wet weights of the two sets of plants is nearly 
the same again When the daily water uptakes of the normal and treated 
embryos are compared it is seen that the water uptake of the treated plants 
is markedly less than that of the normal plants from Day 2 to Day 4. The 
water uptake in the treated plants then increases greatly over that of the 
normals. Isaac (9) obtained similar reductions in the water content of seed- 
lings. 


Discussion 


The experiments described above show that it is possible to inhibit the 
growth in length of roots and shoots of wheat without altering their carbon 
dioxide output. Since the dry weights of the endosperms and embryos of 
treated and untreated germinating grains are nearly the same at comparable 
ages it is apparent that ethylene treatment does not seriously interfere with 
the hydrolysis of carbohydrates and proteins in the endosperms and with the 
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translocation of the products of hydrolysis to the embryo. This has been 
confirmed in the case of protein by nitrogen determinations. Further it has 
been shown that protein synthesis in the embryo is not grossly disturbed. 


The results of the experiments on water uptake by the embryo indicate that 
at the fourth day the weight of water per embryo in the treated seedlings is 
only about 62% of that found in the normal seedlings at that stage. By the 
fifth day the quantity of water per treated seedling has risen to slightly above 
that in the normal seedling. The general progression of the increases in 
water and dry matter in the treated and normal seedlings is similar but the 
treated seedlings tend to lag behind the normal seedlings. The results of 
other authors on water content of ethylene treated plants vary. Isaac (9) 
and Elmer (5) found lowered water content while Harvey (8) found no change 
in water content in potatoes due to treatment with ethylene. 


By the fifth day the masses of treated and untreated seedlings are similar. 
So unless there is a big difference in the intercellular air spaces of the two 
types of seedling then the external volumes must be similar. Since the length 
of the treated seedlings is less then the radial dimensions must be greater. 
Two factors could obscure the visual manifestation of this difference in the 
growth habit of the shoots and roots. The intercellular air space factor has 
been mentioned above. Possibly the tissues of the treated embryos are some- 
what more compacted radially. ‘They are certainly different in texture and 
rigidity. It is very unlikely that the cells are more compact longitudinally. 
The other factor is the arithmetic fact that the volume increases as the square 
of the radius but only as the first power of the length. Hence small, easily 
overlooked differences between the radii would correspond to appreciable 
volume and hence mass differences. Smith and Gane’s photographs (15) of 
peas show pronounced increases in the radial growth as a result of protracted 
treatment with ethylene. The results of Isaac (9) and Borgstrom (1) show 
that the shape of the cortical cells in the treated plants is different from that 
in the normal plants. The greater diameter of treated cells would be expected 
on a weight for weight basis to result in reduced elongation. By the fifth day 
the treated seedlings are found to have a mass similar to that of the untreated 
seedlings but the treated shoots and roots are shorter. Thus the radial 
dimensions of the treated cells must be greater unless the densities of the 
treated and untreated cells are very different. These great differences in 
density are not likely to occur. The direct measurement of cell dimensions 
awaits attention. 


The outward appearance of the treated seedlings indicates a perversion of 
growth. This perversion is further manifested in ‘the inhibition of water 
uptake in the gassed seedlings from Days 2 to 4 inclusive and in the increased 
water uptake thereafter. It is probable that the growth inhibition of gassed 
wheat germlings is due to the failure of the cells to e'ongate during differen- 
tiation. This view is supported by the greater density of the root hairs in the 
treated seedlings. It is apparent that the effects of ethylene on germinating 
wheat are complex and at the present time it is pointless to speculate on the 
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mechanism by which ethylene produces its effects. The view that the effects 


-of ethylene are complex is supported by the results of Borriss (2) who concluded 


that ethylene produced two distinct types of effects on Agrostemma seedlings, 
a direct effect on elongation and an indirect effect on the cotyledons and grow- 
ing point. 

Acknowledgments 


The present study was undertaken at the suggestion of Prof. G. H. Duff 
who together with Prof. D. F. Forward contributed many valuable suggestions 
and criticisms during the course of the investigation. Prof. D. J. LeRoy 
of the Department of Chemistry, University of Toronto, suggested the basic 
plan for the design of the ethylene dispenser. I wish to express my apprecia- 
tion for the help received from the above mentioned professors who made the 
research possible. 


References 


1. BorGstrom, G. ‘Theoretical suggestions regarding the ethylene responses of plants and 
observations on the influence of apple emanations. Kgl. Fysiograf. Sallskap. Lund 
Forh. 9 : 135-169. 1939. 

2. Borriss, H. Uber das Wesen der wachstumhemmenden Wirkung des Athylens. Jahrb. 
wiss. Botan. 91 : 83-119. 1943. 

3. Denny, F. E. and MiILter, L. P. Production of ethylene by plant tissue as indicated by 

epinastic response of leaves. Contribs. Boyce Thompson Inst. 7 : 97-102. 1935. 

4. Dixon, M. Manometric methods. Cambridge University Press. 1934. 

5. Etmer, O. H. Growth inhibition in the potato caused by a gas emanating from apples. 
J. Agr. Research, 52 : 609-626. 1936. 

6. Gane, R. The formation of ethylene by plant tissues and its significance in the ripening 
of fruits. J. Pomol. Hort. Sci. 13 : 351-358. 1935. 

7. Hansen, H. N. and Snyper, W. C. Gaseous sterilization of biological materials for use 
as culture media. Phy topathology, 37 : 369-371. 1941. 

8. Harvey, E. M. Some effects of ethylene on the metabolism of plants. Botan. Gaz. 
60 : 193-214. 1915. 

9. Isaac, W. E. The evolution of a growth inhibiting emanation from ripening plums and 
peaches. Trans. Roy. Soc. S. Africa, 26 : 307-317. 1938. 

10. Mack, W. B. and Livincstone, B. E. Relation of oxygen pressure and temperature to 
the influence of ethylene on carbon dioxide production and on shoot elongation in 
very young wheat seedlings. Botan. Gaz. 94 : 625-687. 1933. 

11. MicHeNner, H.D. The action of ethylene on plant growth. Am. J. Botany, 25 : 711-720. 
1938. 

12. MiLier, E. V., Winston, J. R., and Fisher, D. F. Production of epinasty by emanations 
from normal and decaying citrus fruits and from Penicillium digitatum. J. Agr. 
Research, 60 : 267-277. 1940. 

13. NIEDERL, J. B., BRENNER, M. W., and KELLEy, J. N. The identification and estimation 
of ethylene in the volatile products of ripening bananas. Am. J. Botany, 25 : 357-361. 
1938. 

14. RoBerts, ee W. A. Nitrogen determination in wheat leaves. Can. J. Research, C, 28 : 
745-753. 1950. 

15. Smitu, A. J. M. and Gane, R. Influence of gaseous product from apples on the germina- 
tion of seeds. (Gt. Brit.) Food Invest. Board Rept. 1932 : 156-158. 1932. 


16. Wuite, P. R. Handbook of plant tissue culture. Jacques Cattell Press, Lancaster, Pa. 
1943. 


17. Witson, J. K. Calcium hypochlorite as a seed sterilizer. Am. J. Botany, 2 : 420-429. 
1915. 


4 
> 
r 
e 


A COMPARISON OF THE EFFECTS OF SEVERAL 
CONCENTRATIONS OF OXGALL IN PLATINGS OF SOIL 
FUNGI: 


By J. J. D. J. PEERs,? AnD R. W. NEAL‘ 


Abstract 


A study was made of the effect of adding varying concentrations of dehydrated 
bile to soil extract agar and potato dextrose agar in platings from two Ontario 
soils. The development of colonies of bacteria and actinomycetes was retarded, 
but no decrease was noted in the number of fungus colonies that appeared in 
the plates. The crowding effect of certain bacteria and fungi was lessened, faci- 
litating the counting and isolation of individual fungus cultures. 


Introduction 


In studying the distribution of soil fungi by the dilution plate method, 
difficulties commonly experienced include the crowding or inhibition of fungus 
colonies by the more abundant bacteria and actinomycetes, and the obscuring 
of slowly growing fungi by the so-called “‘spreaders’’, of which Trichoderma 
spp., Rhizopus spp., and Mucor spp. are particularly troublesome. Similar 
difficulties are faced by students of the dermatophytes who find it difficult to 
isolate slowly growing skin fungi from specimens possessing a mixed fungus 
and bacterial flora. Recently Littman (1, 2) made a valuable contribution 
to this problem by developing a medium for use in medical mycology for the 
primary isolation of pathogens. This contained, in distilled water, 2°) agar, 
1% dextrose, 1% peptone, 1.5% oxgall, 1/100,000 crystal violet, and 30 units 
of streptomycin per ml. The oxgall served to restrict the growth of spreading 
fungi, whereas the crystal violet and the streptomycin inhibited the develop- 
ment of bacteria. He found that the isolation of dermatophytes was much 
facilitated on this medium since fungi grew as nonspreading, well separated 
colonies, and bacteria were eliminated. Martin (4) employed Littman’s 
medium in comparative tests with other media containing antibiotics in the 
isolation of soil fungi and found it to be an excellent medium for determining 
total numbers of fungi. In his experience the medium was improved by 
substituting 1/15,000 or 1/30,000 rose bengal in place of crystal violet. 
Bacteria and actinomycetes were suppressed and spreading of fungus colonies 
reduced. He concluded, however, that oxgall agar had no advantage over a 
peptone-dextrose agar containing rose bengal and streptomycin. It had 
been reported previously by Smith and Dawson (6) that rose bengal has a 


1 Manuscript received July 14, 1950, and as revised, November 2, 1950. 
A contribution from the Department of Botany, McMaster University, Hamilton, Ont. 
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fungistatic as well as a bacteriostatic effect. But Martin reported that some 
soils contained many bacteria that could develop on media containing rose 
bengal. 


The present contribution represents a study of the effect of varying concen- 
trations of oxgall in soil platings on the numbers of fungi, bacteria, and actino- 
mycetes developing in the plates, with a view to assessing the value of oxgall 
alone as an aid in the study of soil fungi. 


Materials and Methods 


Two media were employed in the soil platings: potato dextrose agar (Difco), 
and soil extract agar prepared according to the following recipe: 1 kgm. of 
soil and 1 liter of water are autoclaved together at 15 lb. pressure for 30 min. 
The supernatant is then filtered off and water is added to make the total 
volume up to 1 liter. Agar is added in the proportion of 1.5%. The oxgall 
was added to these media in the form of ‘‘ Bacto-Oxgall’’, a commercial product 
sold by the Difco Laboratories. It is prepared by dehydrating bile, and the 
manufacturers state that the equivalent of fresh bile is obtained in a 10% 
solution. In accordance with the suggestion of Littman (1), media containing 
oxgall were autoclaved for 15 min. at not more than 10-12 Ib. pressure to avoid 
precipitation of heat-unstable substances in the oxgall. 


Experimental 


The value of oxgall as an inhibiting agent in soil flora studies was tested in 
connection with certain investigations of the soil flora of the Royal Botanical 
Gardens, Hamilton, Ont. 


An experiment was performed in which the concentration of oxgall in the 
plating medium was varied from 0 to 5%. Both potato dextrose and soil 
extract agars were employed and the pH was adjusted to 6.7 before pouring, 
employing the Beckman pH meter, Model G. The oxgall was alkaline in its 
reaction, requiring addition of considerable quantities of acid (lactic, 10%) 
to the media to obtain the desired pH. A check of the pH of the media in 
the plates after solidification revealed that an error of 0.5 in the adjustment 
of the media was not uncommon. 


Soil samples were obtained from two locations: (1) situated in a meadow 
which had been under cultivation about 25 years previously, and since that 
time had been allowed to revert, and (2) a wooded location 100 yd. distant, 
the predominant trees being white pine, balsam poplar, and ironwood. Each 
sample was taken from a depth of 1 to 5 in. below the surface and precautions 
were taken to avoid contamination from soil outside this range. The samples 
were diluted to 1/10,000 and plated out in triplicate in the media described 
above. After 14 days of incubation at 27° C. the numbers of bacteria, actino- 


mycetes, and fungi per plate were counted. The results obtained aresum- 
marized in Table I. 


\ 
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TABLE I 


EFFECT OF VARYING CONCENTRATIONS OF OXGALL IN THE PLATING MEDIUM ON THE NUMBERS. 
OF MICROORGANISMS ISOLATED 


Soil extract agar Potato dextrose agar 
Concentration Average numbers per plate of: 
of oxgall 
in plating medium 
Bacteria mycetes Fungi Bacteria mycetes Fungi 
(a). Meadow soil 
0% 100 140 16 160 210 14 
1 28 16 14 41 12 17 
2 16 6.7 18 ee 4 14 
3 13 13 15 2 4 17 
4 6.7 6.7 11 4 4 19 
5 0 0 11 ‘3 12 15 
(b). Forest soil 
0% 160 150 9.3 53 38 8.3 
1 12 32 13 Ls 8.7 17 
4 | 18 9 
a 6.7 1.3 10 io 4 13 
4 1 Oe 4 15 2.7 5.3 13 
5 1.0 0 15 1.3 13 13 


From the results obtained in this experiment a number of general observa- 
tions may be made: 


(1). As shown in Table I the number of bacterial and actinomycete colonies 
appearing per plate decreased to about 1/5 or 1/10 in 1% oxgall, and more so 
at greater concentrations, but the number of fungus colonies per plate was not 
diminished. Figs. 1, 2, and 3 further illustrate this point. 


(2). On the average the radial spread of fungus colonies was inhibited, 
but this was not very marked at the lower concentrations of oxgall. The 
hyphae of adjacent colonies tended to remain separate and not to mingle, 
which made it easier to count, identify, and isolate them. 


(3). Yeast colonies were easily detected when oxgall was present. Since 
they resemble bacteria in respect to the type of colony produced, when bacteria 
were largely eliminated the yeasts were readily found. 


Fics. 1, 2, AND 3. Platings of meadow soil at 1/10,000 dilution in potato dextrose agar 
containing 0, 1, and 5% oxgall, respectively. 
Fics. 4, 5, and 6. Growth of Trichoderma sp. after 10 days on plates of soil extract agar 
containing 0, 2.5, and 5% oxgall, respectively. 
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(4). The crowding effect of spreading fungus and bacterial colonies was 
much diminished in the presence of oxgall. For example, in the absence of 
oxgall a single colony of Trichoderma usually overgrew an entire plate, but 
when 1% oxgall was present, a Trichoderma colony would be limited to 1/4 
of a plate or less. Other experimental work showed, however, that spreading 
fungi tended to be less sensitive to oxgall when in pure culture than when 
growing in a soil dilution plate. This point is illustrated by Figs. 4, 5, and 6 
which show the growth of a Trichoderma isolate in 0, 2.5, and 5% oxgall after 
10 days. It is evident that the radial growth of the fungus has not been 
suppressed by the 2.5% concentration. Indeed, the oxgall has evidently 
acted as an additional nutrient source since the aerial mycelium is better 
developed in its presence. Radial growth was markedly inhibited by 5% 
oxgall, however (Fig. 6). 

(5). When identifying the fungi that developed in the plates it was noted 
that the number that failed to produce conidia increased when oxgall was added 
tothe medium. This is indicated in Table I], where it is obvious that the addi- 
tion of oxgall increased the number of nonsporulating fungus isolates. The con- 
idiophores of isolates of Penicillium were frequently imperfectly developed at 


TABLE II 


EFFECT OF VARYING CONCENTRATIONS OF OXGALL IN THE PLATING 
MEDIUM ON THE SPORULATION OF FUNGUS ISOLATES 


Concentration of oxgall in Proportion of fungus cultures 
plating medium, that failed to sporulate,* 
% % 
0 19 
1 28 
2 40 
3 53 
4 59 
5 45 


the higher concentrations of oxgall, producing few conidia. Littman et al. (3) 
comment that sporulation of fungi was not inhibited on Littman’s medium, but 
dispersal of aerial spores by mature colonies was reduced. Martin (4) noted 
that on Littman’s medium the growth of some forms was retarded so much 
that many colonies must be transferred to other media before identification 
could be made. 


An additional observation on the effect of oxgall in platings from a mixed 
flora was made in connection with certain platings from soil that had been 
placed in tubes, sterilized, and inoculated while still moist with isolates of the 
muskmelon wilt Fusarium. This technique for preserving cultures of certain 
fungi has been described previously in detail by Miller et al. (5). It was 


* The figures include both types of medium and both types of soil. 
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desired to plate out weighed quantities of soil to determine the number of 
“viable centers’”’ per gram after several years of storage in the dry state. 
When making the platings they were performed in duplicate, one of the 
replicates being plated out in potato dextrose agar (not acidulated), and the 
other in potato dextrose agar containing 1.5% oxgall. In all instances it was 
found that the fungus cultures that developed on the agar containing oxgall 
grew with a more definite margin than in its absence. Thus the boundaries 
between colonies were quite distinct and plates that were fairly crowded, 
i.e., containing about 100-150 colonies, could be counted without much 
difficulty, whereas without oxgall further dilutions would have been necessary 
to secure a more accurate count. A few of these tubes had become con- 
taminated with bacteria and platings from them were sometimes crowded by 
bacterial colonies and hence difficult to count. However, in the plates con- 
taining oxgall bacteria were almost entirely eliminated. 


Discussion 


Martin (4) noted that the inclusion of rose bengal and streptomycin in the 
plating medium increased the numbers of fungi by as much as 100% in soil 
platings compared with agar that was acidulated. He suggested that this 
may be in large measure due to the development of types sensitive to acid. 
In the work described here the agar was adjusted to the same pH at all concen- 
trations of oxgall and possibly for this reason no marked increase in numbers 
of fungi was observed as a result of adding oxgall. It is worthy of note that, 
as shown by the data listed in Table I, there was on the whole no decrease in 
numbers of fungi isolated, even at the higher concentrates of oxgall, as com- 
pared with those replicates that lacked oxgall. A possible exception was the 
meadow soil when plated out in soil extract agar. 


In his studies on the value of oxgall in the isolation of dermatophytes, 
Littman found it necessary to add two additional inhibitors, crystal violet and 
streptomycin, in order to prevent growth of bacteria, but in the present 
investigation oxgall alone gave satisfactory control. However, only two soils 
were tested and probably with other soils additional inhibitory agents would 
be required. Martin (4) found that some soils contained many bacteria 
that could develop on media containing rose bengal alone, whereas Smith and 
Dawson (6) had previously found that rose bengal at a concentration of 1 part 
in 15,000 in glucose nitrate soil extract agar eliminated all the actinomycetes 
and most of the bacteria and reduced the spreading of fungus colonies. 


Littman’s medium contains 1.5% oxgall and the experience in the present 
investigation was that 1-2% oxgall in either soil extract agar or potato 
dextrose agar gave sufficient control of bacteria and actinomycetes to facilitate 
counting and isolation of fungi. It would appear that oxgall is similar to rose 
bengal in its effect on the development of fungi, bacteria, and actinomycetes 
in soil platings. Although it possesses the disadvantages of partially sup- 
pressing sporulation, acting as a source of nutrient, and requiring much higher 
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concentrations for effective results than rose bengal, nevertheless it may serve 
as a possible alternative to rose bengal for soils when the latter fails to give 
satisfactory results. 


The results of the present study tend to confirm the observation of Martin 
(4) that media containing oxgall are of value in the study of soil fungi. They 
suggest, further, that with some soils oxgall alone in suitable concentration 
will suffice without the incorporation of additional antibiotic substances in 
the medium. 


Acknowledgments 


The writers wish to express their thanks to the Research Council of Ontario 
for the financial assistance which has made this investigation possible. 


References 


1. Lirrman, M. L. A culture medium for the primary isolation of fungi. Science, 106 : 
109-111. 1947. 

. Litrman, M. L. Growth of potepets fungi on a new culture medium. Am. J. Clin. 
Path. 18 : 409-420. 1948. 

3. Littman, M. L., McQuown, A. L., and ScHNEIDER, J. D. Recent advances in the 
culture diagnosis of fungus disease. Am. J. Clin. Path. 19 : 865-872. 1949. 

4+. Martin, J.P. Use of acid, rose bengal, and  -caa, in the plate method for estimating 
soil fungi. Soil Sci. 69 : 215-232. 1950. 

5. MILLER, J. J., Kocu, L. W., and HiLDEBRAND, A. A. A comparison of cultural methods 
for the maintenance of certain economic fungi. Sci. Agr. 27 : 74-80. 1947. 

6. SmitH, N. R. and Dawson, V. T. The bacteriostatic action of rose bengal in media used 
for the plate counts of soil fungi. Soil Sci. 58 : 467-471. 1944, 


of 

e. 

1e 

1e 

as 

ill 

es 

d, 

ry | 

he 

oil 

his 

id. 

n- 

ers 

at, 

in | 

m- 

he 

es, 

ind 

ent 

ails 

uld 

ria 

ind 

art 

‘tes 

ent 

ato 

ate 

‘ose 

ates 

up- 

her 


VARIATION IN THE CULTURAL CHARACTERISTICS AND 
PATHOGENICITY OF FUSARIUM AVENACEUM 
AND F. ARTHROSPORIOIDES' 


By M. W. CorMAck? 


Abstract 


Variants which occurred commonly in isolates of Fusarium avenaceum and 
F. arthrosporioides from diseased roots of alfalfa and other hosts in Alberta 
were of two kinds, viz., culture variants arising as sectors or patches in mycelial 
colonies of the parent wild type, and spore variants developing from single 
macroconidia. Both kinds appeared under a wide range of environmental and 
nutritional conditions, but they were distinct from the temporary cultural 
changes which could sometimes be induced by varying these conditions. The 
culture variants were mostly mycelial and tended to revert partially to the wild 
type, or to produce other variants. Relatively stable, heavily sporulating types 
predominated among the spore variants. Variation followed a similar pattern in 
the two species studied, but isolates differed greatly in respect to number and 
type of variants produced. Some isolates which were relatively stable in culture 
produced many spore variants, and vice versa. Taxonomic comparisons indic- 
cated that classification should be based on the original characteristics of the 
wild types rather than on their range of cultural variation. 


The wild types remained viable longer than any of the variants in dried soil 
culture. Soil culture proved suitable for inoculum and storage purposes since 
variants developed infrequently in this medium. 


All variants proved less virulent than their parent wild types in infection 
tests on roots of alfalfa and sweet clover. ‘These results emphasize the necessity 
of using the wild types of stable isolates in varietal resistance tests and other 
infection experiments. 


Introduction 


Fusarium avenaceum (Fr.) Sacc. is a pathogen with a particularly wide host 
range and geographic distribution, and has been reported as the cause of 
various diseases of cereals, legumes, vegetables, fruits, ornamentals, and other 
plants (13). It also occurs on cereal seed (4), and in soil and other materials 
(12). In Alberta, this species has received most attention as a root parasite 
of alfalfa and sweet clover (1), but it has also been isolated from cereal crops 
and other hosts. The related species, F. arthrosporioides Sherb., has occurred 
less commonly as a cause of root rot in the legume forage crops (1). 


Although cultural variation is a very common phenomenon in Fusarium, 
it has not been extensively studied in F. avenaceum. Several workers, includ- 
ing Wollenweber and Reinking (12), described a pionnotal stage of this species, 
and it was later recognized as a variant (1, 10). Several variant types pre- 
viously noted in Alberta proved decidedly less pathogenic than the original 
isolates (1). Further studies seemed warranted, since it was thought possible 
that variation might explain the inconclusive results obtained in tests for 
varietal resistance to this species (2). 


1 Manuscript received October 19, 1950. 


Contribution No. 1051 from the Division of Botany and Plant Pathology, Science Service, 
Department of Agriculture, Ottawa, Canada. 
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In the present investigation, the type and range of variation was studied 
in isolates of F. avenaceum from various hosts, and in those of the related 
species F. arthrosporioides. The stability of the original and variant types 
was studied, and their longevity in soil culture, under varying conditions of 
storage, was determined. More extensive tests than those previously reported 
(1) were made on the relation of variation to pathogenicity in these species. 
In addition to these cultural and infection studies, a morphological and 
taxonomic comparison was made of the original isolates and their variants. 


Cultural Studies 
Original Isolates 


Cultural studies were made on representative isolates of F. avenaceum and 
F. arthrosporioides from the legume forage crops, and of the former species 
from several other hosts (Table 1). These isolates were obtained from 
diseased roots, with the exception of the cultures of F. avenaceum from alfalfa 
seed and potato tuber. 


All cultures were purified as soon as possible after isolation by making single 
spore or hyphal tip isolations. The latter technique was used for F. avenaceum 
since this species does not ordinarily produce spores in young culture. In most 


studies the fungi were cultivated on standard potato dextrose and malt agar 
media. 


The original isolates of F. avenaceum and F. arthrosporioides had abundant 
aerial mycelium. As suggested by Miller (8), they will be referred to as the 
“wild type”. In all cases, their general characteristics corresponded closely 
to the species description in ‘‘Die Fusarien”’ (12). The wild type of F. avena- 
ceum produced a high-growing, fluffy, white to coral pink mycelial colony on 
most agar media (Fig. 1), and a light pink or red coloration in the medium. 
Isolates differed mainly in degree of pigmentation and in rate of growth. 
F. arthrosporioides was similar, except for a deeper coloration of the mycelium 
and substratum (Fig. 2). 


Spore production was delayed in the wild type of F. avenaceum, except for 
the one- or two-celled microconidia sparingly borne on the mycelium. F. artho- 
sporioides, however, soon produced numerous small conidia of two types, as 
described by Wollenweber and Reinking (12). The long, filiform, several- 
septate macroconidia characteristic of both species did not usually develop 
until the cultures were at least three weeks old. They were produced in 
orange masses from sporodochial-like bodies which developed on the aerial 
mycelium or in the medium. In slant cultures these masses frequently 
appeared on the edge of the slant between the glass and the medium. Typical 
macroconidia occasionally developed directly on the mycelium, especially in 
the vicinity of the transfer piece. Also, their early formation could be 
stimulated by dropping water on the mycelium or by disturbing it with a 
needle. These spores developed singly or in a thin layer as contrasted to the 
compact masses formed naturally in older cultures. 
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TABLE I 


VOL. 29 


OcCURRENCE OF CULTURE AND SPORE VARIANTS IN ISOLATES OF Fusarium avenaceum AND 
F. arthrosporioides FROM VARIOUS HOSTS : 


Isolate Single spore isolates, % 
Species Culture variants* Wild Spore variants 
No. Host t Stent 
ype | Pionn. | | Albino | Misc 
pionn. 
F. avenaceum 5 Sw. clover Low mycel., 5 80 8 2 5 
albino, sporod., 
misc. 
9 Sw. clover Low mycel., 23 44 33 
albino 
25 Sw. clover Misc. (rare) 100 
17 Als. clover Sporod. low myc., 80 20 
albino 
6 Alfalfa Albino (rare) 44 56 
8 Alfalfa Sporod. 20 80 
18 Alfalfa Low mycel., 16 74 10 
albino, sporod., 
misc. 
28 Alf. seed Albino 4 96 
4 Wheat Albino 100 
16 | Wheat Misc. 100 
3 | Oats Albino 100 
20 Caragana Albino, low mycel., 80 20 
misc. 
24 Lupine Low mycel., 100 
albino 
27 Sweet. pea Sporod., low 50 50 
mycel. 
13 Vetch Albino 8 88 4 
26 Carnation Low mycel., 92 8 
sporod. 
21 Potato Sporod., low 40 50 10 
mycel., albino 
15 Tomato Low mycel., 100 
albino 
F. arthrosporioides 12 Sw. clover Low mycel., 32 68 
sporod., misc. 
7 Alfalfa Albino 25 48 15 12 


* Arranged in order of frequency of occurrence in each isolate. 
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Culture Variants 


The originally isolated wild type with abundant, high-growing mycelium 
seldom remained constant in culture. In most isolates, sectors, patches, and 
strands differing from the parent colony soon appeared. These culture 
variants ranged in size and shape from small, often barely visible patches or 
tufts to large sectors, sometimes comprising one-half or more of the colony 
(Figs. 3-5). Several readily distinguishable types occurred very frequently 
among the almost innumerable variants encountered during this study. One 
type with low-growing, dense, reddish mycelium, designated as the low mycelial 
type, developed very commonly in several isolates of F. avenaceum and 
F. arthrosporioides. As compared to the wild type, it produced a much less 
raised colony, with a distinctly deeper coloration in the mycelium and sub- 
stratum (Fig. 6). Spore masses also developed very slowly and sparingly in 
this variant. Another commonly occurring type, designated as albino, had 
no pigmentation in the mycelium or substratum (Fig. 7). A sporodochial 
type, characterized by early and relatively abundant production of spore 
masses and whitish appressed mycelium (Fig. 8), occurred frequently but the 
pionnotal type, with heavy sporulation (Fig. 13), was observed only three 
times as a culture variant. A great variety of miscellaneous types appeared 
occasionally. These differed in mycelium and spore development, pigmen- 
tation, and rate of growth (Figs. 9-12). 


Culture variants appeared at all stages of growth of the parent colony. 


For example, sectors started to develop in plate cultures at positions varying 


from near the center to the outer border (Figs. 3, 4). Once established, they 
maintained their position and grew out independently of the balance of the 
colony. Some types grew more rapidly than the parent culture, while others 
were partially overgrown by the abundant mycelium of the wild type. The 
patch and tuft variants were more localized, but they also appeared irregularly 
in any part of the culture (Fig. 3). Mass mycelial transfers from the margin 
of sectors or patches usually yielded a mixed culture of the variant and wild 
types. The variant, however, predominated in hyphal tip isolates obtained 
from the border of the low mycelial sectors. 

Culture variants developed readily under a wide range of nutritional and 
environmental conditions. They appeared in cultures grown on potato 
dextrose, malt extract, and alfalfa root extract agars, oat hulls, and various 
other natural and synthetic media. As noted later, marked reduction in their 
numbers was apparent only in soil culture. These variants developed with 
apparent equal frequency in light of varying intensity and in the dark; at 
temperatures ranging from 3° to 26° C., and in atmospheres containing up to 
10% carbon dioxide. 

The culture variants observed during this study were distinct from the 
cultural differences commonly occurring in colonies of these fungi grown on 
various media or under varying conditions of temperature or light. With the 
latter, the entire colony responded to the changed conditions, and also reverted 
immediately to its original appearance when grown again under normal 
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conditions. Culture variants, however, appeared as sectors or patches in a 
portion of the colony, and reversion was also partial when it occurred. These 
variants arising during growth of the culture are believed to be mutations, 
similar to those reported in cultures of many other fungi. 


Spore Variants 


In studying variant development from spores, single spores were isolated 
mainly by the method described by Kienholz (6). Small drops of a stan- 
dardized spore suspension were transferred to marked positions in malt 
agar plates by means of a hairlike glass rod terminating in a minute knob. 
Each drop was checked microscopically and those containing single spores 
were marked. Direct readings on the type of colony growing from these 
spores were made in plates containing not more than 10 well spaced transfers. 
With practice, a high percentage of single spores was obtained from these 
transfers, and the method proved very rapid and reliable. 


The colonies developing from single spores often differed markedly from 
those of the parent culture. Most of these variants were characterized by 
abundant sporulation, and were distinct in type from the culture variants 
previously described. Pionnotal variants were produced by a high per- 
centage of the single spores of most isolates of F. avenaceum and F. arthro- 
sporioides (Table 1). These variants produced innumerable macroconidia in 
layers on a scant, barely visible mycelium. They formed a slimy, yellowish- 
orange colony (Fig. 13), which was markedly different from that of the 
mycelial wild type (Fig. 1). In an intermediate type, designated as semipion- 
notal, the spore layers were partially covered by mycelium (Fig. 14). Many 
other types were obtained from single spores, including an albino form which 
resembled the culture variant of this type (Fig. 7). However, the low mycelial 
form, which occurred commonly as a cultural variant, was never obtained from 
spores. As in the culture variants, a wide range of miscellaneous types, 
differing in various respects, were distinguished among the spore variants. 


Variants developed most frequently from macroconidia produced in the 
sporodochial masses normally formed when cultures were about three weeks 
old. Varying proportions of the wild and variant types were produced by 
single spores isolated from these masses (Table 1). These proportions varied 
in different cultures, and also to a lesser degree in different masses in the 
same culture. No variants were obtained from the microconidia or macro- 
conidia produced sparingly on the mycelium in young culture. Also, the wild 
type nearly always developed from the single macroconidia in masses or 
layers prematurely produced by mechanical disturbance of the mycelium. 


Microscopic observations indicated that there was no apparent relationship 
between the morphology of the macroconidia and the development of variants. 
Age of the spores also had no influence, since approximately the same propor- 
tion of variants developed from macroconidia taken from spore masses at 
weekly intervals for a period of six weeks after their formation. Spores from 
masses buried in agar or other substrata invariably produced a much higher 
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Tea-day-old cultures on potato dextrose agar. Fic. 1. Wild type of Fusarium avenaceum 
(Isolate No. 5). Fic. 2. Wild type of F. arthrosporioides (Isolate No. 7). Fic. 3. Culture 
variants (patches and small sectors) in Isolate No. 5. Fics. 4, 5. Sectors of low mycelial 
type in Isolate No. 5. Fic. 6. 

Sporodochial variant. 


Low mycelial variant. Fic. 7. Albino variant. Fic. 8. 
Fics. 9, 10, 11, 12. Miscellaneous culture variants. 
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proportion of pionnotal variants than those from masses which developed on 
the mycelium or surface of the medium of the same culture. Other conditions 
of growth had no apparent influence on the development of spore variants. 
The time and degree of sporulation varied under different conditions, but the 
extent and type of variation was similar in spores from masses produced at 
temperatures ranging from 3° to 26° C., in the light and the dark, and on a 
wide range of natural and synthetic media. 


The foregoing results suggest that the spore variants were mutations which 
arose during development of the macroconidia. They did not affect the 
growth of the parent colony and were not detected until the single spores 
produced colonies differing from those of the wild type. These spore variants 
generally had a marked tendency to produce numerous macroconidia, possibly 
as a result of their origin. 


Variation in Different Isolates 


Comparative studies on the degree and type of culture and spore variation 
were made on 20 isolates of F. avenaceum and F. arthrosporioides obtained 
from 13 different hosts or sources (Table 1). Twenty plate cultures of each 
isolate grown on potato dextrose agar, and on malt agar, were inspected at 
regular intervals during growth for sectors, patches, or other culture variants. 
To detect spore variants, at least 25 single spores were cultured from each of 
several of the sporodochial masses formed in about four weeks by each isolate. 

As shown in Table I, culture and spore variants occurred commonly, but 
their type and number varied greatly in the different isolates. The low 
mycelial type appeared frequently as sectors or patches in cultures of 10 
isolates of F. avenaceum and in one of F. arthrosporioides. \t did not develop 
from single spores of any of the isolates. The sporodochial type also did not 
develop from spores, but it appeared in cultures of seven isolates of F. avena- 
ceum and in one of F. arthrosporioides. The albino type developed in cultures 
of 13 isolates of F. avenaceum and in one of F. arthrosporioides, and a similar 
type grew from single spores of five of the isolates of F. avenaceum. 
Miscellaneous variants of diverse types developed in cultures of several 
isolates, and to a lesser extent from spores. 


The pionnotal type predominated among the isolates from single spores. 
It grew from an average of 70% of all spores cultured from the 13 isolates of 
F. avenaceum and two of F. arthrosporioides in which it occurred. A total of 
53% of single spores isolated from these species produced pionnotal types, as 
compared to 38% of the wild type. All single spores from two of these 
isolates (No’s. 4 and 25) produced the pionnotal variant. As previously 


Fic. 13. Pionnotal spore variant. Fic. 14. Semipionnotal spore variant (note pionnotal 
sector at edge). Fic. 15. Sectors of varying color in pionnotal variant. Fic. 16. Wild 
type, low mycelial variant, and pionnotal variant of F. avenaceum growing in the same 
plate. Fic. 17. Roots of sweet clover inoculated with the wild type and variants 
of F. avenaceum. Left toright: Infection caused by: wild type, high mycelial 
variant, low mycelial variant, pionnotal variant, sporodochial variant. 
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mentioned, it occurred very rarely as a culture variant. The semipionnotal 
type was obtained from spores of only one isolate each of F. avenaceum and 
F. arthrosporioides, and it did not occur as a culture variant. 

Certain isolates that were relatively stable in culture produced many spore 
variants, and the reverse occurred in other isolates. For example, culture 
variants were rare in isolates 6 and 25 of F. avenaceum, but single spores of 
these isolates produced a high proportion of pionnotal variants. On the other 
hand, isolates 15, 16, and 24 produced numerous variants in culture, but none 
from single spores. Thus, the wild type of certain isolates that were culturally 
unstable could be readily propagated by single spores, and vice versa. 
Difficulty was experienced, however, in maintaining the wild type of doubly 
unstable isolates. Detailed studies were made on one isolate of F. avenaceum 
(No. 5) in which both culture and spore variants occurred commonly (Table 1). 
Only 5% of the single spores produced the parent type, and this percentage 
did not increase in 10 successive generations of single spores selected from 
this type. 


Constancy of the Variant Types 


The relative stability of representative variant types was determined by 
cultural and single spore analyses similar to those employed for the original 
isolates. Variants of F. avenaceum and F. arthrosporioides reacted similarly 
in these tests. As shown in Table II, the culture variants proved very 


TABLE II 


RELATIVE STABILITY OF COMMONLY OCCURRING CULTURE AND SPORE VARIANTS OF Fusarium 
avenaceum AND F. arthrosporioides 


Variant Single spore isolates, % 
Variation 
Type Source i cule wae Pionn. Somi- Albino | Misc. 
type pionn. 
Low mycelial Cult. (Isol. No. 5) Wild, albino (rare) 62 30 8 
Cult. (Isol. No. 7) Wild 58 42 
Cult. (Isol. No. 18) Wild 37 55 6 2 
Sporodochial Cult. (Isol. No. 5) Albino 12 88 
Cult. (Isol. No. 12) Misc. (rare) 100 
Albino Cult. (Isol. No. 5) Wild (rare) 100 
Spore (Isol. No. 5) Wild (rare) 100 
Pionnotal Spore (Isol. No. 5) Pionnotal 100 
Spore (Isol. No. 6) Pionnotal 100 
Spore (Isol. No. 7) Pionnotal 100 
Semipionnotal Spore (Isol. No. 5) Pionnotal (rare) 100 
Spore (Isol. No. 7) Pionnotal (rare) 100 


inconstant and readily reverted to the wild type, or produced other variants. 
This tendency was particularly marked in the commonly occurring low 
mycelial type, which was very difficult to maintain in culture. Single spores 
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from this variant never reproduced it, but, instead, developed as the wild 
type or other variants. The sporodochial type was another cultural variant 
which did not reproduce from spores, but, unlike the low mycelial variant, 
it did not revert to the wild type. The albino variant was relatively constant 
in culture, and it did not produce variants from spores. 


The spore variants did not revert to the wild type, and generally proved 
more stable than the culture variants. Sectors and patches with varying 
color and density of sporulation sometimes appeared in cultures of the pionnotal 
type (Fig. 15), but it was invariably reproduced by spores. These variants 
were maintained in culture by mass transfer of spores for 14 years, and were 
also carried through 10 single spore generations with no evidence of reversion 
to the wild type. 


Association did not noticeably affect the constancy of the variant types. 
Mixed inoculum of the wild and variant types, in various combinations, 
produced cultures in which all of the components could be detected. When 
different types were transferred to the same plate, each one grew out inde- 
pendently (Fig. 16), and there was no evidence of the cultural interaction, 
described by Miller (8), in other species. 


Soil Culture Studies 


In soil culture studies, representative cultures of the wild and variant types 
of F. avenaceum were grown in 200 cc. Erlenmeyer flasks containing sterilized 
sandy loam soil. After allowing the culture to grow in this medium for 
two weeks, the flasks were divided into two series for storage. One set, con- 
taining three flasks of each culture, was stored in a refrigerator at about 
5° C., and a similar series was kept in a laboratory cupboard at room tem- 
perature. No water was added to these cultures during storage, and they 
were not disturbed except for periodic sampling. Samples were taken at 
yearly intervals to determine the relative longevity and stability of the various 
types. Particles of soil were drawn aseptically from 10 different positions in 
each flask by means of a sterilized, moist wire rod with a slightly bent and 
flattened tip. Each sample was placed on potato dextrose agar and any 
resulting growth was recorded. 


The results obtained by sampling for nine successive years from soil cultures 
of the wild type and two variants are given in Table III. All cultures remained 
viable longer under refrigeration than when stored at room temperature. In 
the refrigerated cultures, the wild type grew readily from all transfers for six 
years but declined in viability after seven years, and failed to grow in nine 
years. The low mycelial variant remained highly viable for six years, but 
then declined rapidly, and was dead at the end of eight years. The pionnotal 
type was much shorter lived, since it died out during the fourth year of storage. 


At room temperature, the wild type and the low mycelial variant decreased 
rapidly in viability during the second and third years of storage and failed 
to grow after four years. These results confirm those obtained by Miller (9), 
who found that the mycelial forms of Fusarium spp. remained viable for three 
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TABLE III 


LONGEVITY AND STABILITY OF WILD AND VARIANT TYPES OF Fusarium avenaceum IN SOIL 
CULTURES STORED IN A REFRIGERATOR AND AT ROOM TEMPERATURE 


Isolates obtained at yearly intervals, % 
Storage Culture type Variation 


lyr. | 2yr. | 3yr. | 4 yr. | Syr. | Oyr. | 7yr. | Syr. | 9 yr. 
Refrig. Wild 100 100 100 100 100 100 70 30 0 | Low mycel. 
Low mycel. 100 100 100 100 100 90 20 0 0 | Wild type 
Pionnotal 100 100 100 0 None 
Room Wild 100 70 10 0 Low mycel. 
Low mycel. 100 20 0 0 Wild type 
Pionnotal 90 15 0 0 None 


years in dry soil cultures. The pionnotal cultures grew from only 15% of 
the transfers after two years, and were nonviable in three years. These 
results were confirmed in other experiments where several other heavily 
sporulating pionnotal and semipionnotal variants had a shorter life in soil 
culture than any of the mycelial types studied. 

Culture variants were more difficult to detect in soil than in agar culture, 
but sectors and patches were observed in some of the flasks. Also, samples 
from soil cultures of the wild type frequently yielded the low mycelial variant, 
and vice versa (Table III). Most cultures, however, remained relatively 
constant in soil, and isolate No. 6 produced no variants. No variation 
occurred in the pionnotal type, or in several other variants studied. In 
limited studies on the spore variants produced in soil culture by one isolate 
(No. 5), the pionnotal type was obtained much less frequently (20%) than 
from spores produced on agar media (80%). There was no evidence of a 
progressive increase in the number of variants, since they were obtained with 
about equal frequency from samples taken during successive years in storage. 


Morphological and Cytological Studies 


Microscopic studies were made on variants of F. avenaceum and F. arthro- 
sporioides for comparison with the wild types from which they were derived. 
The species descriptions of Wollenweber and Reinking (12) were used as a 
standard in determining possible morphological and taxonomic differences. 


In most cases, the spores and mycelium of the variant types were morpho- 
logically indistinguishable from comparable forms in the wild type. One 
exception was the production of abnormal chlamydospore-like swellings by the 
low mycelial type and in some of the miscellaneous variants. However, the 
spore forms of the wild type were not always present in the variants. This 
was particularly noticeable in F. arthrosporioides whose variants seldom pro- 
duced the two types of small spores which differentiate this species from 
F. avenaceum (12). Variants of these species were thus difficult to distinguish 
microscopically as well as in culture. 
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Spore sizes of the wild and variant types were compared by measuring 
25 macroconidia (five septate) from each of six replicate cultures of each type. 
These spores were taken from masses in six-week-old cultures grown at 20° C. 
on potato dextrose agar. The average sizes of these spores in F. avenaceum 
(isolate No. 5) were as follows: 


Wild type (high mycelial) — 56.6 X 4.7 u 
Low-mycelial variant — X 4.3 
Sporodochial variant — 66:6 X 4-3 u 
Albino variant — 65.6 X 4.5 8 
Pionnotal variant — 60.4 X 4.7 u 
Semipionnotal variant — 35.5 X 4.08 


In this experiment, the F value exceeded the 1% point and there were signi- 
ficant differences in spore length (11.3 uw required) between the low mycelial 
variant and the sporodochial and albino variants. Spores of the wild type 
and other variants were intermediate in length. The spores differed to a 
lesser extent in width. Measurements of macroconidia in F. arthrosporioides 
indicated a similar relationship between the spore sizes of the various types. 
All spore sizes determined fell within the ranges described for these species (12). 


Differences in spore germination were noted in the different types. When 
germinated in nutrient solution, macroconidia of the wild type and the mycelial 
variant types of both species produced slow growing, straight germ tubes, which 
were still short and unbranched in 12 hr. During the same period, germ tubes 
from similar spores in the pionnotal and semipionnotal variants had developed 
into repeatedly branched and fused hyphae on which new macroconidia 
developed within 24 hr. During subsequent growth these spores were pro- 
duced in great abundance on a scant mycelium. 


In cytological studies, spores and mycelia placed on a slide covered with a 
thin film of malt agar were fixed at various stages of growth, mordanted, and 
stained with Haidenhain’s haematoxylin. All cells were uninucleate in the 
mature spores and nonactive mycelium. The germ tubes of the spores and 
the actively growing hyphal tips often contained dividing nuclei, or two nuclei 
between which the septum had not yet formed. This nuclear condition was 
similar in the wild types and culture variants of both species. The pionnotal 
type, however, produced a larger proportion of cells containing two nuclei 
possibly owing to rapid growth and division in this variant. Dickinson (3), 
Miller (8), and other workers also reported a predominant uninucleate con- 
dition in Fusarium spp., and did not note any marked differences between the 
parent and variant types. 


Pathogenicity Studies 


The relative virulence of the wild type and variants of several isolates of 
F. avenaceum and F. arthrosporioides was studied in a series of infection tests 
in the field and greenhouse. In most experiments, roots of alfalfa and sweet 
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clover were inoculated by aseptically placing a small portion of soil inoculum 
in a slit wound near the crown of each plant. After three weeks the plants 
were dug and rated for infection. Re-isolations were made from the inner 
portions of the diseased tissues to determine the constancy of the wild types 
and their variants after passage through the host. 


In inoculation tests with the parent wild types, all except five of the isolates 
listed in Table I caused severe rotting of.roots of sweet clover and moderate 
infection of alfalfa roots. F. avenaceum isolates, No’s. 3, 4, and 16, from 
cereals; No. 24 from lupin; and No. 26 from carnation produced only slight 
to moderate infection of these hosts. These results confirm those previously 
obtained (1), and indicate that variation in pathogenicity occurs among the 
wild types of these species. 


The average infection of alfalfa and sweet clover roots produced by variants 
from several isolates of F. avenaceum, as compared to the wild types, 
was as follows: 


Wild types (high mycelial)—moderate to severe 
High mycelial variant—moderate 

Low-mycelial variants—slight 

Sporodochial variants—trace to slight 

Albino variants—slight 

Pionnotal variants—slight 

Semipionnotal variants—slight 


Miscellaneous variants (several types)—trace to slight. 


As in previous tests (1), the high-mycelial wild types were much more virulent 
in all tests than any of their culture or spore variants (Fig. 17). When tested, 
some of these wild types had been maintained in culture, by careful mycelial 
transfer, for 10 years, but they were still as virulent as when first tested (1). 
However, a high mycelial variant differing only slightly in appearance from 
the parent wild type (isolate No. 5) caused less infection. All other variants 
caused only a trace to slight infection (Fig. 17). A similar reduction in 
virulence of the variant types was noted in all isolates tested, including those of 
F. arthrosporioides, and the spore variant of the culturally stable isolates No’s. 
6 and 25 of F. avenaceum. These results are in general agreement with those 
reported by workers on other species of Fusarium (8, 10). 


Re-isolations made from the diseased tissues of roots inoculated with the 
wild type were invariably of that type. Roots infected by inoculation with 
the low mycelial variant also yielded the wild type or a mixture of the two types. 
The albino, pionnotal, and semipionnotal variants were re-isolated from the 
diseased tissues. Re-isolation was impossible, however, with most of the 
variants which produced only a trace to slight infection. 
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Discussion 


In common with most Fusaria, the species studied herein tended to change 
in cultural characteristics after they were isolated. One interesting feature 
was the development of variants of distinct types from two different sources 
in the same culture. Culture variants, appearing as sectors or patches in 
the mycelium, have been frequently reported in Fusarium spp. and other 
fungi, but spore variants, arising from single spores, have received relatively 
little attention. These two kinds of variation raise speculation as to their 
nature. The three main theories on the nature of variation in fungi, with 
special reference to Fusarium, were thoroughly reviewed by Miller (9). The 
present evidence supports the view that mutation is responsible for variation 
in Fusarium rather than ‘‘cyclogenic variation’, as originally suggested by 
Leonian (7), or the ‘‘dual phenomenon”’, as proposed by Hansen (5). The 
culture variants observed in the present study may have developed as mutants 
after the original purification of the cultures by single spore or hyphal tip 
isolations. These cultures were then maintained by mass mycelial transfer, 
and it is possible that the extremely unstable and constantly reverting low 
mycelial variant actually existed as a mixture from which either the wild 
type or the variant might develop. The other culture variants, however, 
were relatively stable. The spore variants were obtained by single spore 
isolation, and in no case reverted to the wild type. The mutations responsible 
for these spore variants apparently occurred locally at an early stage in the 
development of the spore mass, since individual masses in the same culture 
produced different types and proportions of variants, and these remained 
constant as the culture increased in age. 

The results of this study emphasize the necessity of using the wild types 
of stable isolates in varietal reaction tests or other infection experiments. 
Pathogenic races must be considered in selecting isolates for this purpose, 
but an even more important factor is their relative stability. Some isolates 
apparently possess an almost unlimited capacity to produce variants, whereas 
others produce very few. In the present study, these variants all proved less 
virulent than the parent wild types, and many caused little or no infection. 
Variants of unstable wild types are likely to develop during the growth of 
inoculum, especially when large quantities are being prepared for infection 
tests. This inoculum will then consist of a mixture of types which will probably 
produce a lowered or variable infection, and will thus give misleading or 
inconclusive results. 


The selection of a suitable medium for maintaining and increasing the wild 
type is also important, since highly stable isolates are not always available. 
Miller (9) recommended soil media for this purpose, and most of his results 
were substantiated during the present study. Although culture variants 
did develop in soil, they were apparently not nearly as numerous as on agar 
media. Spore variants were even less important, since spore masses developed 
infrequently in soil. Fusarium spp. generally grow well in sterilized soil, and 
soil inoculum is very suitable for many inoculation purposes. It is also well 
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adapted to storage, since soil cultures will remain viable for long periods in a 
dry condition. In this study, the wild types survived in soil culture for over 
seven years when refrigerated, and for over three years at room temperature. 
Variants, especially of the heavily sporulating types, had a shorter life in soil 
culture than the wild types. Thus, chance variants might be eliminated if 
soil cultures were stored for long periods. The relatively short life of variants 
in soil culture may also partly explain their apparently rare occurrence in soil 
and other habitats under natural conditions. 


No evidence was obtained to justify the inclusion of F. avenaceum and 
F. arthrosporioides in the grouping of all members of Roseum and several other 
sections in Wollenweber and Reinking’s classification (12) as a single species, as 
proposed by Snyder and Hansen (11). This revision was based on the range 
of variability in these forms as determined from single spore cultures. The 
variants herein described differed greatly in many respects, but all fell within 
the limits of the species description in “‘Die Fusarien’’ (12). However, 
Oswald (10), Miller (9), and other workers have demonstrated that variants 
can be classified differently from the parent species. The writer believes that 
overemphasis has been placed on variation in relation to the taxonomy of these 
fungi, and that a classification based on the wild types, as suggested by Miller 
(9), would be more dependable and satisfactory. The wild types as first 
isolated are nearly always most important from the pathogenicity standpoint. 
Some reduction in the number of species is undoubtedly desirable, but the 
proposed grouping (11) of many well known species, most of which can be 
readily identified from the wild types, does not seem to clarify the situation. 
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FUNGI ISOLATED FROM ARCTIC AIR IN 1947! 
ByS. M. Papy? 


Abstract 


In nutrient plates exposed in 1947 in the arctic and subarctic from aircraft 
for two minutes by hand, 1062 colonies developed in 51 plates. Cultures were 
made from typical colonies on corn meal agar. Of the 208 cultures, 55 were non- 
sporulating. Cladosporium was the most frequently isolated organism with 
33 (15.8%) cultures, most being C. herbarum. Other genera isolated were 
Streptomyces 23 (11%), S: rang 17 (8.1%), Penicillium 13 (6.2%), Pullularia 
11 (5.4%), Verticillium 7 (3.2%), Stemphylium 6 (2.7%), Phoma 4 (1.8%). 
Botrytis, Alternaria, Phialophora, yeast two each, with a single culture of Cepha- 
losporium, Chaetomium, Fusarium, Gliocladium, a Pestallozia, Sphaero- 
nema. With the possible exception of Sporormia the fungi are considered to be 
largely saprophytic soil borne organisms carried into the arctic by southerly winds. 


It is a well established fact that terrestrial fungi are adapted for aerial 
dissemination and that their spores when discharged in the air are picked up 
by air currents and may be transported to considerable heights and distances. 
That such spores may be carried northward into arctic regions is therefore 
not surprising. During 1947, vaselined slides and agar plates were exposed 
from aircraft in a series of four flights in the arctic and subarctic. A general 
account of these flights has been published by N. Polunin who made the 
collections (15). A short paper giving the results of preliminary studies of 
the bacteria and fungi isolated from the plates has already appeared (13). 
The slides were read for fungous spores by B. Peturson at the Dominion 
Laboratory of Plant Pathology, Winnipeg (14). This paper reports the final 
determinations of the more than two hundred fungous cultures that were 
obtained from the plates. 

The only previous aeromycological work in the arctic was by Meier (9) 
with the co-operation of Col. Chas. A. Lindbergh who exposed slides at various 
intervals during his historic flight in 1933 from U.S.A. to England via Green- 
land. For the purpose of avoiding contamination from the cockpit Lindbergh 
developed the Sky Hook which permitted opening and closing the cylinder 
containing the sterile slides completely outside the aircraft. Slides were 
exposed for 30-60 min. Of a total of 26 slides, six were exposed north of the 
arctic circle. Among the many biota on the slides were hyphal fragments, 
asci, and fungous spores referable to the following genera: Macrosporium, 
Cladosporium, Leptosphaeria, Mycosphaerella, Trichothecium, Helicosporium, 
Uromyces, Camarosporium, and Venturia. <A short abstract (10) in 1935 indi- 
cated that certain spore types were present in air currents over Maine and 
Labrador, and that numbers gradually diminished eastward to Denmark. 
The untimely death of Dr. Meier on July 19, 1938, while collecting aero- 
biological data in the Pacific prevented the completion of the work and a 
detailed report of the numbers and types of fungous spores was never made. 


1 Manuscript received September 15, 1950. 
Contribution from the Department of Botany, McGill University. 
2 Associate Professor of Botany. 
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In the last 10 years several reviews have appeared dealing largely with the 
occurrence of spores of pathogenic fungi in the air of temperate regions. 
Craigie (4) in 1939 reviewed the literature on the aerial dissemination of plant 
pathogens. A National Research Council (Wash. D.C.) Committee on 
apparatus in Aerobiology published a critical examination of the aerobiological 
techniques for appraising the air-borne populations of microorganisms, pollen, 
and insects in 1941 (3). In 1942 the A.A.A.S. published a symposium on the 
general field of aerobiology (11). Recently Stakman and Christensen (17) 
have reviewed the relation between aerobiology and the spread of plant 
diseases. 


Material and Methods 


The preparation of the media, wrapping and handling the Petri plates, and 
precautions taken to ensure sterility have been described in previous publica- 
tions (15, 13) but a brief review of pertinent points may well be given. The 
medium to be used had to meet certain specific requirements. It must be 
favorable for germination and growth of a majority of fungi; it should on the 
other hand restrict the growth so as to prevent overrunning and spreading 
during the many weeks that might elapse between exposure and return to 
the laboratory. These requirements were met by using Czapek’s solution 
agar omitting completely the carbohydrate source and adding Difco yeast 
extract. In the batch prepared June 25, 0.2% yeast extract was used but this 
was decreased to 0.1% in the media prepared July 14. The agar was increased 
from 1.5 to 2.5% and a deep layer, 25-30 cc. was poured in each plate. 
Standard Petri dishes 100 X 15 mm. were used and exposures were made 
during August and September. On return to the laboratory on Sept. 12 and 13 
the plates were in excellent condition, all exposed plates showing numerous 
small colonies, while the seven unexposed controls were still sterile. The only 
evident change in the medium was the formation of scattered irregular crystals 
in the agar in certain plates (Fig. 1, Plates 5, 22, 25, 27). The technique 
employed by N. Polunin in exposing the plates was as follows: 


... ‘An exposure was effected by thrusting the unwrapped but still covered 
plate in the right hand from a partially open window on the starboard side of 
the aircraft, holding the plate with the nutrient surface orientated vertically 
and hence ‘flat’ against the air-stream at least eight inches from the nearest 
point of the fuselage, then easing off the cover with the left hand and sliding it 
away down the right wrist and forearm, which were thus made to withstand 
the pressure of the air on the left hand holding the cover. The exposed plate 
was thus held against the full force of the airstream for precisely two minutes, 
after which it was covered by a reversal of the previous operation of the left 
hand and then brought into the aircraft to be finally labelled and wrapped. 
With the method evolved and precautions taken, and as was indicated by 
the seven controls mentioned above, there seems virtually no possibility of 
more than an occasional contamination”’ (15). 
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Although counts were made with the unaided eye, the dissecting microscope 
was very helpful in making isolations from crowded plates. With low magni- 
fication many microscopic colonies of both bacteria and fungi were observed, 
the former often being hidden among the hyphae of an isolated colony. Many 
fungous colonies barely visible macroscopically were present also: usually 
these did not grow on transfer. Transfers were made to corn meal agar 
slopes from selected typical colonies. Where only a few fungous colonies were 
present it was a simple matter, but where large numbers of bacteria were 
present, as in Plates 15-24 where the bacterial colonies numbered 290, 180, 
95, 38, 60, 43, 45, 95, 112, and 74 respectively, there was considerable risk of 
contamination despite the fact that the number of fungous colonies (9, 8, 7, 5, 6, 
8, 3, 6, 6, 8) was low. Where the numbers of bacteria and fungi were both 
high, extreme care had to be exercised in removing inoculum. The procedure 
adopted was to make notes of the size, color, and number of types present 
and then to make a transfer from a colony that was well located. At the end 
of a week any cultures which differed markedly from the original were con- 
sidered as contaminants and so recorded. That only 15 such contaminants 
were encountered among a total of 208 indicates that the method employed 
was satisfactory. Bacteria were present in some of the cultures, but these 
usually did not inhibit formation of conidia; nonsporulating cultures with 
bacterial contaminants were purified. At the end of a month at room tem- 
perature the cultures were stored in the refrigerator at 3° C. 


Results 


In the 51 plates there were 1062 fungous colonies, the distribution of which 
is shown in Table I. Except in the last flight which was over the province 
of Alberta and in the vicinity of agricultural lands, the numbers of colonies 
were low. Plates 1-27 were exposed at 10 min. intervals, the remainder 
at 15 min. intervals The air’speed averaged 115 m.p.h. and most exposures 
were at 5000 ft. While the average number of fungous colonies in the plates 
exposed Aug. 12 was seven, the number varied from 0-15 and considerable 
variation occurred among the other flights. In all four flights there appeared 
to be an area in which spore numbers were low as determined by colony 
numbers: from Table [| it will be noted that low numbers occurred in Plates 
5-7, 18-22, 33-35, and 42-44. 


A peculiar feature of the exposures in all of the flights was the occurrence 
of high numbers of colonies in the first two exposures. This is particularly 
true on the flight of Aug. 26. Since sampling did not begin for at least half 
an hour after take-off there was ample time for outside air surfaces to be 
thoroughly scoured. It may be that contamination occurred during the 
process of exposing the first plates and that the contaminated surfaces became 
relatively sterile after a few exposures. From Table | of the previous paper 
(13) the following numbers of bacterial colonies are given: in the first flight 
the first five plates had 60, 23, 46, 38, 16 bacterial colonies; in the second flight 
the first six plates had 530, 400, 290, 180, 95, 38 colonies; the first five plates 
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49 
TABLE I 
RESULTS OF EXPOSURES OF NUTRIENT PLATES (TWO MINUTES) AND VASELINED 
SLIDES (FIVE MINUTES) DATA ARRANGED ACCORDING TO LATITUDE. 
FOR DETAILS OF EXPOSURE SEE TABLE 1 (12) 

Total Fungous 

Date Lat. N. | Long. W. sg fungous Clado- Spor- | Strepto- asaee 

Aug. 25 72° ae 94° 28’ 27 12 5 1 0 
26 3 3 0 
25 102* 0 
24 8 5 1 0 
23 6 1 F 0 
22 6 1 1 1 
21 3 3 0 
20 6 1 1 
19 6 3 0 
18 5 2 0 
17 7 1 0 
16 8 5 1 1 
15 9 6 2 0 
14 14 10 2 0 
69° 32’ 103° 33’ 13 12 3 3 
Aug. 12 70° 02’ 126° 54’ 11 15 10 1 4 
10 4 2 
9 11 11 2 
8 4 1 1 
7 1 0 
6 0 0 
5 2 0 
4 4 1 3 
3 7 1 
2 7 2 3 
67° 38’ “7° 2 1 8 1 6 
Aug. 26 66° 45’ 108° 20’ 28 24 4 3 5 0 
29 10 4 4 0 
30 15 4 0 
31 8 1 1 
32 6 1 1 1 
33 5 1 2 0 
34 2 1 
35 1 2 
36 7 1 4 2 0 
37 5 2 6 
38 4 0 
63° 06’ 243° 27° 39 2 2 2 
Sept. 6 60° 11’ 114° 00’ 40 19 § 3 113 
41 33 6 160 
42 6 1 31 
43 3 1 i 
44 7 1 1 0 
45 11 3 6 
46 18 7 27 
47 11 6 29 
48 32 15 55 
49 67 29 100 
50 79 50 2 60 
51 111 85 34 
52 306 200+ 3 137 
55° 00’ 113° 48’ 53 No exposure 126 


* One large sporulating Penicillium colony, 94 small, secondary colonies. 


- | 


50 CANADIAN JOURNAL OF BOTANY. VOL. 29 


of the third flight and the first four plates of the final flight had 328, 185, 124, 
78, 54 and 196, 71, 75, 41 colonies respectively. Penicillium colonies occurred 
in Flight 1 only in the first three plates with three, one, and two colonies; 
two colonies were also found in the first plate (No. 40) in the final flight. 
The numbers of Penicillium and bacterial colonies in the first three or four 
plates exposed in each flight strongly suggest that these represent contamina- 
tion from the air inside the aircraft or from the arm of the operator. The 
method has been recently criticized by Newman (12) who regards the method 
of exposure as responsible for the high numbers of organisms obtained. 


The disposition of the 208 cultures is given in Table II. The largest group 
was 55 (26.4%) nonsporulating fungi which did not produce spores even when 
TABLE II 


DISPOSITION OF 208 CULTURES. FIGURES IN BRACKETS ARE ESTIMATES OF THE TOTAL NUMBER 
IN ALL PLATES 


Ascomycetes Sphaeriales Chaetomium 1 
Sporormia 17 (57) 
Unidentified 2 
Saccharomycetales Unidentified 2 
Aspergillales Gliocladium 1 
Penicillium 13 
Fungi Imperfecti Sphaeropsidales Phoma 4 
Sphaeronema 1 
Melanconiales Pestallozia 1 
Moniliales Alternaria 1 
Botrytis 2 
Cephalosporium 1 
Cladosporium 33 (438) 
Fusarium 1 
Papularia 1 
Phialophora 2 
Pullularia 1 (41) 
Stemphylium 6 
Verticillium 7 (10) 
Unidentified 6 
Actinomycetales Streptomyces 23 (45) 
Other Sclerotia 1 
No growth on transfer 11 
Contaminated, discarded 15 
Nonsporulating 55 


transferred to other media. Cladosporium was the most frequently isolated 
fungus appearing in 33 cultures (15.8%). Its abundance is indicated by its 
appearance in 24 of the 51 plates for an estimated total of 438 colonies (40.3%). 
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These figures are probably minimal since large numbers occurred in Plates 
48-51 and in Plate 52 so many small Cladosporium colonies were present that 
only an estimate could be made (Fig. 1). In the table given in a previous 
publication (13) these cultures were referred to the genus Hormodendrum 
because of the almost universal presence of unicellular catenulate conidia. 
However, Cladosporium and particularly C. herbarum usually has nonseptate 
spores, or the septa may develop in older conidia. These cultures are there- 
fore considered to be Cladosporium, some of them being identified as sapro- 
phytic strains of C. herbarum (Pers.) Link. 


While the colonies of Cladosporium were found in almost half of the plates 
it is of interest to note that they appeared in the flight of Aug. 12, but were 
absent in plates exposed Aug. 26, when the most northerly latitude was 
reached (72° 38’ N. Lat.). In the third flight, Aug. 27 a few colonies appeared 
in five plates, while in the fourth flight, Sept. 5, they were present in all but 
one plate and in higher numbers. The distribution (Table I) seems to indicate 
a more southerly range and a greater abundance in the neighborhood of 
civilization. 

Streptomyces colonies were found in 21 plates with an estimated total of 
45 (4.2%) colonies and 23 cultures were isolated. This genus forms charac- 
teristic small, raised, hard, chalky colonies with nonfragmenting hyphae 
and aerial catenulate conidia. While still included with the bacteria in the 
latest edition of Bergey’s Manual (1) this genus, and the closely related mono- 
conidial genus, icromonospora, have many characteristics of true fungi and 
are regarded by many mycologists as members of the Fungi Imperfecti. A 
typical colony is shown near the top of Plate 52 in Fig. 1. Except in the 
first flight in which for some reason no colonies were observed, they were 
rather generally found in the following three flights, being actually slightly 
more numerous in the most northerly exposure (see Column 6, Table I). Some 
of the cultures have been identified and it is planned to publish the results 
at a later date along with cultures obtained from subsequent trips. 


Sporormia is a genus of the coprophilous Sphaeriales with four or eight 
celled dark ascospores surrounded by a gelatinous sheath. The genus differs 
from Leptosphaeria mainly in the presence of an oblique germ slit in each cell 
of the ascospore. At the time of the preliminary report (13) nine cultures had 
been assigned to the genus Leptosphaeria. After eight months in a refrigerator 
eight other cultures produced mature spores and it was then discovered that a 
germ slit was present. Re-examination of the original cultures demonstrated 
the characteristic germ slit in most of the cultures. It was not found in a few 
cultures where only a few asci were present: nevertheless it is felt that they 
belong to this genus, since they are alike in other respects. Sporormia is 
represented by 17 cultures (8.1%) with an estimated 57 colonies (5.3%) 
in 16 plates. The typical spreading white colonies are shown in Plates 22, 
27 (Fig. 1). Eight cultures belong to S. intermedia Auersw. which is very 
common and widely distributed on various kinds of dung in Ontario (2); 
seven cultures are probably S. minima Auersw. which hasa similar distribution. 
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Both of these species are four spored. One culture yielded a seven spored 
form which is assigned to S. vexans Auersw. This species was found by 
Cain (2) on rabbit and porcupine dung. There are indications of other species 
but the chief difficulty is the lack of a suitable medium on which fruiting 
bodies will be consistently formed. While some cultures fruited on corn meal 
agar many others did so only poorly or not at all. Two plates (Nos. 25, 32) 
were stored in the refrigerator: at the end of five months, perithecia of 
Sporormia were present, although no Sporormia cultures had been obtained 
from them. This as well as the presence of perithecial primordia in some 
nonsporulating cultures suggests that the actual number of colonies is much 
higher than the estimate of 5.3%. 

An unusual feature of their distribution is that 12 of the 16 plates from which 
Sporormia was isolated were north of the arctic circle (66° 42’) and all of 
them were taken north of the 58th parallel (Table I). Their distribution is 
apparently northerly, and is almost the reverse of Cladosporium (compare 
Columns 3 and 4 in Table 1). Cain (2) found 25 species of Sporormia on dung 
of various animals in Ontario and it is reasonable to assume that coprophilous 
fungi are common in Northern Alberta and in the Northwest Territories, and 
possibly also in the arctic. 

Penicillium was isolated 13 times, and colonies were observed in 10 plates. 
In Plate 25 one large colony of Penicillium occurred surrounded by over 
90 smaller colonies of exactly the same type (Fig. 1). It is considered that 
these are secondary colonies which have arisen from a single parent colony. 
The presence of this commonest of all contaminants in the first three plates of 
Flight 1, and in six of the first 10 plates of Flight 4 and its absence in all the 
plates that were exposed at high altitudes, except No. 25, would imply that 
their source was not arctic air but came from air in the aircraft or from the 
operators arm or hand. 


In the medium employed, Pullularia formed rather small black or purple 
black subsurface colonies with dark twisted hyphae surrounded by masses of 
spores which gave the edge of the colony a serrated or fimbriate appearance 
(Fig. 1, Plate 22). On corn meal agar the twisted black subsurface hyphae 
surrounded by spore masses are very striking. Eleven cultures were made 


Fic. 1.—Plate 11 prepared June 25 with 0.5% yeast extract; all others prepared July 14 
with 0.1% yeast extract: plates read Sept. 15-22. Plate 11 shows typical dark colonies 
of Cludsoherine, a large white colony upper left with sclerotia of Botrytis cinerea, and large 
white fluffy colony of Sporormia. No. 22 has a large white colony of Phoma, medium size 
white colony of Sporormia, and two colonies of Pullularia with dark serrate margin. 
No. 25 has a mature sporulating colony of Penicillium (left of center) with some 90 
smaller, apparently secondary colonies. The large white fluffy colony is Pestallozia. 
After three months at 3° C. numerous perithecia of Sporormia were present in this plate. 
No. 27: five white colonies of Sporormia are present: three cultures were nonsporulating. 
This was the most northerly plate exposed. No. 48: typical Cladosporium colonies. 
Plate also contains a single colony of Phoma, Chaetomium, and Pullularia. No. 52: over 
300 colonies in all, with 200+ small dark colonies of Cladosporium, one colony Fusarium 
and Pullularia, with three Streptomyces, one typical colony shown clearly in upper part 
of plate: most southerly exposure, just north of. Edmonton. All plates are standard 

00 mm. diameter reduced in photographing. 
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from 41 colonies (3.8%) in 15 plates, 11 of which were in the last flight and 
mostly over Alberta. Some of the cultures have been identified as P. pullulans 
(De Bary) Berkhout which is a widespread saprophyte and apparently common 
in soil (6) and in air (8, 16). 


The remaining cultures were of Verticillium 7, Stemphylium 6, Phoma 4, 
Alternaria 2, Botrytis cinerea Pers. 2, Phialophora 2, yeast 2, and a single 
culture of Cephalosporium, Chaetomium (C. reflexcum Skolko and Groves), 
Fusarium, Gliocladium, Papularia, Pestallozia,and Sphaeronema. Unidentified 
Moniliales and Sphaeriales numbered 6 and 2 respectively. One culture 
produced sclerotia but no conidia. 


Comparison of Cultures and Slides 


A detailed study of the fungous spores collected on the vaselined slides has 
been made (14). Since the plates were exposed for two minutes during this 
same period it might be expected that the number of colonies on the plates 
and the number of fungous spores on the slide would be similar since the 
amount of air contacted by a 1 X 3 in. glass slide for five minutes is roughly 
equal to that of a standard 10 cm. diameter Petri plate exposed for two 
minutes. The figures for the fungous spores on the slides are given in the 
right hand column of Table 1. There is some agreement in that the numbers 
were low in both the first three flights and high in the last one. The average 
number of colonies in each of the four flights was 7, 7, 7.4, 51.7 while the 
corresponding number of spores on the slide averaged 2, 0.8, 1.0, and 65.5. 
If some of the colonies in the plates are due to contamination the averages then 
would actually be much lower. It should be pointed out that only the larger, 
dark fungous spores are commonly seen on the slides, the smaller hyaline 
spores, such as Penicillium, Pullularia, Verticillium being very difficult to 
locate under low power. Moreover, most of the spores on the slides were of 
rusts (Puccinia graminis Pers., P. rubigo-vera tritici (Erik & Henn.) Carl), and 
smuts which do not normally grow on nutrient agar. It is possible therefore 
to compare the results only in very general terms. 


In the case of Alternaria and Helminthosporium it is possible to make a 
comparison since the spores are large and easily read on the slides and grow 
well on nutrient media. Both kinds of spores were present on the slides, 
21 Alternaria spores on 12 slides and the same number of Helminthosporium 
spores on 10 slides, yet only one culture of the former was obtained and none 
of the latter. It is of course possible that Helminthosporium colonies may have 
been present since transfers were made only from certain colonies. 


There is another factor which bears upon these results, namely that spores 
carried long distances in the air may soon lose their viability. This would be 
particularly true where spores originate in the south and are carried hundreds 
of miles northward into arctic areas. If the spores have been in the air days 
or even weeks the prolonged exposure would result in a low percentage of 
germination, depending upon the ability of the spores to withstand adverse 
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conditions. When such spores fall upon agar few or no colonies might result, 
yet the slides would indicate a heavy spore load. In other words the slides 
may be simply trapping dead spores. It is the writer’s opinion that slide 
exposures used in forecasting plant diseases do not necessarily give a true 
picture of the disease potential since there is an inevitable loss in viability. 


Discussion 


As far as is known these are the first cultures to be obtained from arctic 
air. The length of exposure while short was apparently sufficient to obtain 
fairly high numbers, indeed many more than were expected. The medium, 
while not considered to be ideal, did meet the essential prerequisite of allowing 
minimal growth, at the same time preventing spreaders from overrunning the 
plate. It is not known whether some spores failed to germinate, or if they did 
germinate whether they made any growth. The small colonies which did 
not grow when transferred to a richer medium suggest that they found the 
original medium unfavorable. The absence of Aspergillus, Rhizopus, Fusarium, 
and other common saprophytes might be attributed to this unfavorable 
medium although it is more likely that they were absent from the air. On 
the other hand the medium may have been especially favorable for certain 
fungi. Cladosporium sporulated well on it as did Pullularia and Stemphylium. 
Sporormia grew very slowly making fairly large colonies: no perithecia were 
present in the plates when transfers were made, although primordia were 
observed in one case. Two plates stored for five months in the refrigerator, 
however, did produce mature perithecia. 


Cladosporium is apparently just as common in the arctic air as in temperate 
regions. Meier (9) reported spores on their slides exposed in the arctic, 
while in the temperate regions it is one of the commonest fungi in the air 
(8, 16) and Newman (12) found it over the ocean. The ability of this widely 
distributed saprophyte to withstand prolonged exposure in the air is very 
striking. The presence of Cladosporium, Streptomyces, Pullularia, Penicillium, 
Phoma strongly suggests that these forms are soil organisms whose spores have 
been carried northward by the southerly winds. The absence of the common 
soil fungi Fusarium, Aspergillus, Rhizopus is probably due to loss of viability 
in transit. Aspergillus is said to be thermophilic while Penicillium is reported 
to be cold loving (7); the results here reported would seem to bear this out. 

One possible exception to the almost universal presence of soil organisms 
in the arctic air is the occurrence of one of the coprophilous fungi, Sporormia, 
in the most northerly plates. Two plates stored in the refrigerator for five 
months produced perithecia while several test tube cultures stored under the 
same conditions fruited at the end of eight months thus indicating an ability 
to grow and reproduce under low temperature conditions such as would be 
found in the Arctic. The spores with their gelatinous sheath and thick dark 
cell walls are well adapted to withstand low temperatures either on the ground 
or in the air. Dearness (5) reports that in the Amdrup Expedition to Green- 
land, Hartz found nine different species of Sordariaceae on animal droppings. 
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Leptosphaeria is recorded by Meier (9) on the slides exposed over the arctic 
and this genus is also reported by Dearness (5) in collections made by the 
Canadian Arctic Expedition 1913-18. Since this genus is separated from 
Sporormia only in the absence of a germ slit it is possible that this character 
may not be seen on a slide or from old specimens. Cain (2) has pointed out 
that many coprophilous fungi cannot be identified in the dried state. It is 
probable therefore, that these cultures of Sporormia came from spores of true 
arctic fungi living and growing under low temperature conditions on dung or 
decaying vegetation. 


Little significance can be attached to these results in quantitative terms 
owing to the probable contamination arising from the techniques of exposure. 
Although previously (13) an estimate was made of the number of organisms 
per cubic foot it should be borne in mind that only a certain percentage of the 
organisms will be caught by such a method and the figures therefore are only 
approximations. The technique of Newman (12) is claimed to increase the 
percentage of catch by breaking up the pressure cone by a wire held in front of 
the slide. The method is still qualitative and the numbers of organisms per 
cubic foot is just an estimate. Only when a known volume of air is sampled 
and with a technique that is efficient will reliable quantitative results be 
obtained. Work is at present under way on both of these phases and will be 
reported in a later publication. Meanwhile these plates represent a prelim- 
inary attempt to obtain living fungi from arctic air and are of some interest 
from the qualitative standpoint. 


If the thesis that is being advanced here is admissible; namely that most, 
if not all, of the organisms in the arctic air have had their origin in agricultural 
areas to the south and have been carried northward by air currents, then it 
follows that the location of the exposure in the arctic air is of secondary im- 
portance to the direction and duration of the wind. At a given point in the 
arctic therefore one would expect few or no spores from a north wind, but 
larger numbers if the wind has been in the south for several days. An air- 
craft in making a flight of several hours might pass through several different 
air masses and the results would vary correspondingly. Meteorological data 
are not available for the flights reported here but they might partially explain 
the variations in numbers which were found. A complete aerobiological study 
of arctic air or even of temperate air, should employ quantitative as well as 
qualitative techniques and should be correlated with meteorological data. 
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THE REDUCTION OF FUSIFORM CAMBIAL CELLS IN 
CHAMAECYPARIS AND THUJA' 


By M. W. BANNAN? 


Abstract 


The loss of fusiform initials from the cambium, which is of frequent occurrence 
in all parts of the tree, takes place in different ways. Some cambial cells seem 
gradually to fail and are shortly lost from the cambium by maturation into more 
or less imperfect xylem or phloem elements. The majority are transversely 
subdivided by one or a succession of anticlinal divisions which begin near the 
center of the fusiform initial and usually extend to the daughter cells. The 
resulting segments shorten through the following periclinal divisions, some dis- 
appearing during the process of shortening and others undergoing transformation 
to ray initials. Nearly all new rays in the secondary body originate in this 
manner. 


Introduction 


Reference has been made in previous publications (Bannan (2) and Whalley 
(12) ) to the fact that increase in girth of the cambium is accompanied by 
continuous and extensive change in the number and arrangement of the 
component cells. The cambium is not a relatively static meristem in which 
multiplication of cells is precisely regulated so as to produce the exact number 
required for tangential expansion. Instead there is usually a high frequency 
of production and concomitant heavy loss, many new-formed fusiform cambial 
cells undergoing various types of transformation. These alterations are the 
subject of the present report. 


Materials and Methods 


Inasmuch as the secondary xylem and secondary phloem are a register of 
the developmental history of the cambium, either may be used for determining 
the sequence of events in that meristem. Among the various conifers the 
Cupressaceae are most suitable for such studies because of the relative struc- 
tural simplicity of the secondary tissues. For instance, no complications are 
introduced by the presence of resin ducts in the xylem. Forms investigated 
were the three American species of Chamaecyparis, C. thyoides (L.) BSP., 
C. Lawsoniana (Murr.) Parl., C. nootkatensis (Lamb.) Spach., and the local 
white cedar, Thuja occidentalis .. Serial radial and tangential sections were 
cut from the secondary xylem of Chamaecyparis and from both xylem and 
phloem of Thuja. Growing as well as dormant material of the latter genus 
was examined. Studies of the sequence of cells at selected points in the 
xylem, phloem, and intervening cambium provided the information for 
reconstruction of cambial transformations. 


1 Manuscript received October 31, 1950. 
Contribution from the Department of Botany, University of Toronto, Toronto, Ont. The 
research was assisted by a grant in aid of research furnished by the University of Toronto. 
2 Assistant Professor in Botany. 
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Comparison of the xylem and phloem revealed that stages in the reduction 
of fusiform initials were sometimes more easily traced in the phloem, at other 
times in the xylem. Owing to the smaller production of cells on the phloem 
side of the cambium, stages in transition were usually more abrupt, and 
occasionally evidence of ultimate anticlinal division of cambial cells was 
missing from the phloem but present in the xylem. On the other hand, the 
radial contiguity of cells in the phloem, especially in newly formed rays, 
rendered the task of determining the mode of ray origin easier in that tissue. 
Cell relationships were generally more apparent in tangential sections, cell 
shape in radial sections. The data obtained from the various sources served 
as the basis for the interpretations presented in this paper. 


The Reduction of Fusiform Cambial Cells 


The tracing of radial rows of fusiform elements in the xylem and phloem 
reveals that loss of fusiform initials from the cambium occurs in different ways. 
Rarely radial files terminate somewhat abruptly with the final element being 
only slightly shorter than the preceding cells (Fig. 1). More often the shorten- 
ing is pronounced (Fig. 2). Reduction in length is accompanied by tangential 
contraction, sometimes to half the normal width. In such instances the 
fusiform initial apparently ceased dividing without undergoing subdivision, 
varying degrees of size reduction occurring during the ultimate periclinal 
divisions. Sometimes the last cell in the xylem row is shorter than in the 
phloem, probably indicating that here the final short tracheid is the differ- 
entiated cambial cell. Among the competing fusiform initials some seem 
gradually to fail, reduction in volume preceding loss of generative capacity 
and eventual maturation to more or less imperfect permanent elements. 


In most cases the reduction of fusiform initials is effected by subdivision. 
After pseudotransverse division the daughter initials may enlarge, ‘‘shrink’’ 
and maturate, or undergo further subdivision. Figs. 4-18 illustrate some of 
the various types of development. 


Occasionally all the segments of a subdivided fusiform initial differentiate 
or enlarge to normal size in varying proportions, without any being trans- 
formed to ray initials. Fig. 4 illustrates a sequence in which the first pseudo- 
transverse division (Fig. 4a) was soon followed by a second (Fig. 4), sub- 
dividing the initial into four parts. Through the next few periclinal divisions 
three of these became smaller and disappeared from the cambium, reduction 
stages of two being shown in Fig.4c. These daughter cambial cells presumably 
lapsed into maturation. Meanwhile the remaining daughter cell elongated 
quickly and soon became almost as long as the parental cambial cell (Fig. 4d). 


Generally one or more of the portions of a subdivided fusiform initial are 
reduced to ray initials. Many different types of such development occur. 
Sometimes one of the daughter cambial cells resulting from pseudotransverse 
division continues the normal production of secondary fusiform cells, while 
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Fics. 1-4. Diagrams from radial or tangential sections of the secondary 
xylem or phloem illustrating the succession of elements in selected radial 
rows. Fics. 1 and 2. Chamaecyparis nootkatensis, radial of xylem in 
old stem showing cessation of a file of tracheids. F1G. 3. C. nootkatensis, 
radial of xylem in old stem showing origin of rays. Fic. 4. Thuja 
occidentalis, tangential of phloem in young stem showing subdivision 
of fusiform initial to four segments of which three disappeared and 
one enlarged. 
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Fics. 5-9. Diagrams from tangential sections of the secondary xylem or phloem depicting 

succession of cells in selected series. The diagrams are to be interpreted as showing 

stages in the subdivision and subsequent transformation of fusiform cambial cells. Fics. 

5-7. Thuja occidentalis, phloem of old stem. Fic. 8. Thuja occidentalis, phloem of 
voung stem. Fic. 9. Chamaecyparis thyoides, xvlem of branch. 
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the other forms one or more rays. Fig. 11 illustrates such a sequence. After 
a pseudotransverse division which parted the fusiform initial approximately 
in halves (Fig. 11a), the ‘‘lower’’ daughter cell was in turn subdivided by a 
second anticlinal wall (Fig. 110). Subsequently each of the two quarter- 
length cells was shortened to a ray initial (Fig. 11c). Meanwhile the ‘‘upper”’ 
daughter cell continued normal periclinal divisions giving rise to a file of 
fusiform elements in the xylem and phloem, and increased in length as it did 
so. Fig. 5 illustrates a generally similar development except that in this 
instance the “‘upper’’ daughter cambial cell was subdivided to yield three short 
initials (Fig. 5c). One of these vanished, the other two became ray initials 
(Fig. 5d). The sequence shown in Fig. 6 varies in that one daughter cell 
arising from the first anticlinal division (Fig. 6a) was lost from the cambium. 
probably through maturation, while the other was converted to three ray 
initials (Figs. 6b and c). Still another variant is illustrated in Fig. 9. In 
this instance the first anticlinal division (Fig. 92) was soon followed by sub- 
division of the ‘‘lower’’ daughter cell (Fig. 9b). One of the “‘quarter’’ cells 
so produced elongated and gave rise to fusiform elements, as did the ‘‘upper”’ 
(half) daughter cell. The other ‘‘quarter’’ cell formed two ray initials 
(Fig. 9c). Here fusiform initials were derived from a ‘‘half’’ and a ‘‘quarter”’ of 
the original cambial cell, and ray initials from the remaining ‘‘quarter’’. 
The partitioning anticlinal walls in this particular instance were very long. 
In general the number of ray initials derived from either half of a transversely 
divided fusiform cambial cell varies considerably. Occasionally the daughter 
(half) fusiform initial apparently yields only a single ray initial (Figs. 14 and 
23). Usually further anticlinal divisions follow to give two, three, four, or 
more much shortened cells. All, some, or none of these may continue peri- 
clinal divisions and shorten further to become ray initials. 


Often both halves of a pseudotransversely divided fusiform initial are 
reduced to cambial ray cells (Figs. 7, 8, 10, 12, and 14). In Fig. 7 each half 
of the fusiform initial was in turn subdivided, one almost immediately, the 
other slightly later. Ultimately four rays were formed, two from each half. 
Here there was a halving and delayed quartering of the fusiform initial to 
four ray initials. Fig. 8 illustrates a similar type of development except that 
each half yielded three rays. In Fig. 10 the ‘upper’ daughter (half) initial 
underwent two successive subdivisions to four segments. The lower divided 
into two parts (Fig. 10d). All the former vanished from the cambium, whereas 
the latter formed two rays. In these examples it will be noted that the sub- 
divisions to the second or third order were not simultaneous, the two half- 
length initials being partitioned at slightly different times. In other instances 
the successive anticlinal divisions follow in such rapid sequence that the 
fusiform initial is quickly segmented into a vertical series of ray initials 
(Figs. 12 and 13). It will be noted in Fig. 12 that the second anticlinal 
division occurred so soon after the first that the last fusiform element was 
immediately succeeded by four much shortened cells (Fig. 126). Two of 
these were lost from the cambium and two continued as ray initials (Fig. 12c). 


60 CANADIAN JOURNAL OF BOTANY. VOL. 29 


Again in Fig. 13, which shows the radial aspect, the second anticlinal division 
followed so closely upon the first as directly to produce quarter-length cells. 
The ‘‘lower’’ two of these were quickly subdivided yielding a total of six new 
rays. Fig. 14 depicts another instance of very rapid reduction. In the 
phloem a much-thinned fusiform element (Fig. 14a) was succeeded in the 
next tangential section by two new rays (Fig. 146), without trace of a partition- 
ing anticlinal wall. This, however, was apparent in the xylem. The lower 
ray was abortive, the upper continued. Thus only one functioning ray initial 
resulted from transformation of the fusiform initial. 


In summing up the observations on disappearance of fusiform initials from 
the cambium it may be stated that some of these cells apparently cease 
periclinal divisions quite abruptly, others after a period of size reduction. 
Appearances indicate decKne and maturation of the fusiform initials into 
abnormal xylem or phloem elements. More often fusiform initials are 
reduced by subdivision to smaller cambial units. Some half-length initials 
resulting from pseudotransverse division elongate to full size but usually one 
or both are lost by differentiation or reduction to shorter units. The reduction 
of either or both halves sometimes occurs without subdivision, but generally 
anticlinal divisions continue to the second or third order yielding several short 
cambial cells. Some of these cease periclinal divisions at various stages in 
process of shortening, others retain their reproductive capacity and generate 
rays. 


The Origin of the Initials of New Rays 


In 1889 Schmidt (8) concluded from a study of radial sections of coniferous 
woods that ray initials arose from the tips of fusiform cambial cells. This 
explanation seemed satisfactory to such contemporary anatomists as Mischke 
(7) and Strasburger (9). Klinken (5) likewise decided that ray initials 
originated from the ends of fusiform initials, although it is noteworthy that 
his illustrations (Figs. 77-80) show a considerable portion of the fusiform 
initial to have been involved. 


Some of the published descriptions on the shape and structure of cells in 
newly formed rays are significant in connection with the problem of ray 
origin. Kny (6), Thompson (10), Thomson (11), and Chrysler (4) have 
referred to or have illustrated a change of cell shape in the first-formed parts 
of new rays from vertically elongate to radially extended form. The obvious 
deduction from such transitional types of cell is that the producing cambial 
ray cells were at first of considerable height. When derived from fusiform 
initials a substantial portion of the latter must have entered into the formation 
of the ray initials. After a thorough study of ray structure in the gymno- 
sperms, the author concluded that such was actually the case. In 1934 he 
stated (1) that ray initials were formed by the segmentation of the whole or 
occasionally part of fusiform initials. 


More recently Barghoorn (3) suggested that segmentation of fusiform 
initials plays only a minor role in the production of new rays in the conifers. 
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Fics, 10-14. Stages 
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in the origin of rays by subdivision of fusiform initials, as registered 


in secondary tissues. Fics. 10, 12, and 14. Thuja occidentalis, tangential of phloem in 


old stem. Fic. 11. 


Thuja occidentalis, tangential of phloem in small branch. Fic. 13. 
Chamaecyparis thyoides, radial of xylem in root. 
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Fics. 15-18. Types of ray origin as determined from secondary tissues. Fic. 15. 
Thuja occidentalis, tangential of phloem in old stem, showing origin of two ray initials 
from lower half of fusiform initial. FG. 16. Chamaecyparis nootkatensis, radial of xylem 
in old stem illustrating origins of one abortive and two continuing rays. Fic. 17. Thuja 
occidentalis, tangential of phloem in small branch showing origin of ray initial from upper 
end of fusiform initial by excentric pseudotransverse division. Fic. 18. Thuja 
occidentalis, tangential of phloem in small branch depicting origin of ray initial by division 
from the side of a fusiform cambial cell. 
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According to him most new ray initials arise singly at the tips of fusiform 
initials. The necessity of extensive nuclear migrations in this type of origin 
was recognized. Less important modes of ray origin were said to be deriva- 
tion from the side of fusiform initials and development from the cambial 
portions of the so-called radial plates in the phloem. 


Associations of new rays and tracheid tips are frequently to be seen in 
radial sections. However, in all cases investigated in Chamaecyparis and 
Thuja it was apparent that the ray initials in question did not originate from 
the tips of the fusiform initials producing the adjoining rows of tracheids. 
Instead the ray initials were of earlier origin. Figs. 15 and 16 illustrate the 
relationships observed, Fig. 15 showing the sequence as revealed in tangential 
sections of the phloem, Fig. 16 in radial sections of the xylem. It is obvious 
from the succession of phloem elements shown in Fig. 15 that the fusiform 
initial involved underwent a pseudotransverse division near the center (Fig. 
15a). Soon afterward the “lower” of the two daughter initials decreased in 
size (Fig. 155), was subdivided (Fig. 15c), and the resulting two cells were 
shortened to ray initials. Meanwhile the ‘‘upper’’ daughter initial elongated 
downward to overlap the new-formed ray initials. Although the ‘lower’ of 
the two ray initials was now contiguous to the elongating tip of the “‘upper”’ 
daughter fusiform initial it is clear that the ray initial was not derived from 
that tip. In Fig. 16 a fusiform initial appears to have been subdivided into 
four parts, one differentiating early and the other three being transformed to 
ray initials of which one failed. The abortive and one of the continuing rays 
were in proximity to the tips of adjoining files of tracheids, the latter unrelated 
to the ray origins. The variations in length of the tracheids in the upper 
file are particularly noteworthy. The most plausible interpretation of such 
length differences is that they are maturation phenomena, and do not signify 
loss of tips in ray initial formation. 


A feature of cambial activity which has an important bearing on the problem 
of ray origin is the high rate of production and concomitant heavy loss of 
fusiform initials. As described elsewhere (Bannan (2) and Whalley (12) ) 
this extensive loss takes place in all parts of the tree and in slow-growing as 
well as vigorous specimens. It is a general characteristic of the cambium. 
Some of the cambial cells apparently die away and maturate to elements of the 
secondary xylem or phloem, but the majority are subdivided. The sub- 
division may cease with the production of two daughter cambial cells or 
proceed to the second or further orders. The successive subdivisions are 
sometimes in delayed sequence, or they may follow so rapidly as quickly to 
segment the initial into several shorter units. The resulting segments, of 
various lengths and resulting from subdivision to different orders, are potential 
ray initials. Although many do not survive the transformation, it is signi- 


ficant that the number of potential ray initials considerably surpasses require- 
ments. 
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Regardless of whether one anticlinal division occurs, as during the multi- 
plication of fusiform cambial cells, or subdivision continues to a higher order, 
the first anticlinal partition is usually near the center of the fusiform initial. 
Data on the comparative length of the two daughter initials shortly after the 
first pseudotransverse division, as revealed in the derived secondary elements, 
are presented in Fig. 19. The first column to the left denotes that in 30.6% 


NO. PSEUDOTRANSVERSE DIVISIONS (%) 


96- 91- 86- 76- 7l- 66. 6l- 56- 5I- 3I- Under 
100 “50 85 80 75 GO “So “So 
RATIO LENGTH SHORTER DAUGHTER CELL TO LONGER (%) 


Fic. 19. Histogram showing ratio of length of two daughter cambial cells following 
pseudotransverse division, as determined from the xylem of Chamaecyparis and the 
phloem of Thuja. Data compiled from 950 divisions. 


of the 950 cases studied the shorter daughter cell derived by pseudotransverse 
division was 96-100% of the length of the larger. Addition of the first two 
columns shows that in 55.3% of the cases the shorter cell was 91-100% as 
long as its larger sister cell. In 85% of the divisions the difference in length 
of the sister cambial cells was less than 20%, and in only 5% of the cases was 
the division so excentric that the larger cell was more than twice the length 
of the shorter. These data demonstrate a generally central location of the 
partitioning wall during the transverse division of fusiform initials, although 
it might be noted that the length and inclination of the partition varies 
considerably. If the daughter fusiform initials are in turn subdivided, that 
is if the subdivision extends to the second order, the resulting units likewise 
are usually of similar length. There seems no doubt that subdivision ordin- 
arily begins near the center of the fusiform initial, where one should expect 
the nucleus to be located. 


Exceptions to the approximately equal subdivision of fusiform cambial 
cells do occur, but they are relatively rare. When the division is excentric 
the smaller cambial cell may give rise to one or two ray initials (Fig. 17). 
One instance of a peculiar type of development was noted in a seedling of 
Chamaecyparis Lawsoniana. Apparently the “‘lower’’ fifth of a fusiform 
initial was cut off to produce three rays, followed shortly by the development 
of four more rays from a similar portion of the ‘“‘upper’’ end, after which the 
remaining central part underwent conversion to two rays. 
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Division from the side of fusiform initials is likewise infrequent (Fig. 18). 
In Chamaecyparis only 2-6% of the anticlinal divisions recorded were of this 
type. Length of the shorter cambial cell varied widely, ranging up to one- 
third that of the mother initial. In all cases, it lay opposite the central part 
of its larger sister cell, indicating an approximately central position of the 
dividing nucleus. Usually the smaller cambial cell was soon lost from the 
cambium, less often it became one or two ray initials, and rarely it elongated 
to full fusiform stature. 


Derivation of ray initials from lateral portions of the tips of fusiform 
initials was not detected. 


The accumulated evidence obtained from study of many hundreds of ray 
origins in Chamaecyparis and Thuja indicates that the majority of new rays 
in the secondary tissues originate by subdivision of fusiform initials. After 
pseudotransverse division by which the fusiform initials are divided more 
or less into halves, the resulting daughter cells are subject to various types 
of development. Some elongate to equal or exceed the mother cell, but 
many sink into a gradual decline or are reduced to smaller meristematic 
cells. In this reduction some of the half-length fusiform cambial cells are 
shortened directly to a single ray initial, but most are subdivided to the second 
or third order producing several short cambial cells. Various proportions of 
these continue periclinal divisions and meanwhile are transformed to ray 
initials. The production of new rays, in the secondary body in all parts of 
the tree, is generally the consequence of one or a succession of pseudotransverse 
divisions which begin near the center of fusiform initials and extend to the 
daughter cells. The whole, half, or quarter of fusiform initials are thus 
usually involved in the development of ray initials. However, owing to loss 
of some of the nascent ray initials at various stages in their transformation, 
the ultimate production of new rays from the partial or complete subdivision 
of fusiform initials is highly variable, ranging from none to many. Often 
only one or two eventuate, as shown in the case histories diagrammed in 
Figs. 1-11 (Bannan (2) ). 

Derivation of ray initials from very small portions of fusiform cambial cells 
occurs only sporadically. In this category are origin from the upper or 
lower ends of fusiform initials by decidedly excentric pseudotransverse 
division, and origin by the cutting off of a small piece from the side of fusiform 
initials. The author’s observations are not in accord with the statements of 
Barghoorn (3) and earlier investigators that the initials of most new rays 
arise from the tips of fusiform initials. At least in Chamaecyparis and Thuja 
ray origin habitually involves a considerable portion or the whole of fusiform 
initials, preparatory anticlinal divisions beginning near the center of the 
latter. Extensive nuclear migrations, such as necessitated in the origin of 
rays from the extremities of fusiform initials, are infrequent. 
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The Shortening of Cambial Cells 


As mentioned earlier, some fusiform initials are lost from the cambium 
without evidence of prior subdivision. A few cease periclinal division 
abruptly, others after a period of size reduction. Fig. 20 illustrates the 
former type. In this particular instance the last cell in the radial file of 
phloem elements was 800 yw long (Fig. 20a). In the next tangential section, 
which passes through the cambium, no representative is to be seen (Fig. 20d). 
The initiating cell has been lost from the cambium, apparently by differentia- 
tion, and elongation of the adjoining cells has closed up the “space”. More 
often the final cells in radial rows which are about to cease exhibit marked 
decrease in size. As shown in Fig. 21, the last few cells progressively shorten 
until the ultimate cell is half or less the length of its more remote predecessors. 
Reduction in length is usually accompanied by contraction of tangential 
width (Fig. 22). On the xylem side the final tracheids in the dying row 
possess abnormally thin walls, the intertracheary bordered pits on the radial 
walls are small and often depart from regular radial alignment, and sporadic 
tangential pitting occurs even in early wood. The aspect of the successive 
cells suggests an incipient debility of the initiating cambial cells which soon 
terminates in cessation of periclinal divisions. 

The shortening and tangential contraction of the last few cells in dying 
rows, apparent in both xylem and phloem, indicate reduction in size of the 
succession of cells which function as fusiform initials. The tangential aspect 
especially reveals much loss in volume. The failing cambial cells behave as 
if unable to maintain normal turgidity in competition with their more vigorous 
tangential neighbors. There ensues progressive retardation in the volume 
increase which ordinarily accompanies periclinal division in the cambium 
with resultant decrease in all dimensions. Flagging activity ends in cessation 
of division and, presumably, in maturation to more or less abnormal elements. 


In most cases the reduction of fusiform initials is brought about by sub- 
division combined with shortening of the resulting segments. Sometimes the 
shrinkage begins before subdivision, in other cases it follows. The successive 
elements are shortened and decided contraction of tangential width occurs 
(Figs. 7b and c, 10) and c, 14a). The forces responsible for the initiation of 


Fics. 20-24. Stages in the loss or transformation of fusiform cambial cells, as shown in 
secondary tissues. Fic. 20. Thuja occidentalis, tangential of ——_s in small branch 
showing sudden stoppage of file of fusiform elements. Fic. Chamaecyparis 
Lawsoniana, tangential of xylem in small stem showing gradual Me de in size of 
successive elements in radial row. Fic. 22. Thuja occidentalis, tangential of phloem in 
young branch, illustrating transformation of a small fusiform initial to a single ray 
initial. Fic. 23. Thuja occidentalis, tangential of phloem in young branch depicting 
origin of a ray initial from the lower half of a fusiform initial. Fic. 24. Thuja occidentalis, 
radial of phloem in young stem showing radial contiguity of cells in new rays. 


Fic, 25. Chamaecyparis nootkatensis, radial of xylem in old stem showing transitional 
types of cell associated with origin of ray initials from fusiform initial. 
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this size reduction are doubtless the same as those causing similar shrinkage 
of unsegmented fusiform cambial cells prior to their inaction and assumed 
differentiation. 


In addition to the subdivision of the initiating fusiform cambial cells and 
subsequent reduction in size of the resulting segments, there is sometimes 
abnormal behavior among the fusiform elements produced shortly before. 
These cells, especially on the xylem side, often continue to divide periclinally 
and sometimes the divisions are of such nature as to produce cells of different 
lengths. Sporadic anticlinal divisions may also occur in one or more of these 
cells which do not conform to those in the initiating cambial cell. In other 
words, altered behavior sometimes extends through the lineal series of 
elements, affecting not only the initiating fusiform cambial cell but also the 
recently formed, periclinally dividing derivatives on the xylem side. 


The number and length of the segments formed by subdivision of fusiform 
initials vary from one instance to another, but nevertheless certain general 
trends are evident in various parts of the tree. In very young trees and 
toward the tips of branches, where the fusiform initials are relatively short, 
the number of segments tends to be small, subdivision occurring only to the 
first or second order yielding two, three, or four parts. Fig. 23 illustrates a 
common reduction sequence. After transverse division (Fig. 23a), the 
“upper” cambial segment was lost, apparently by maturation, and the ‘‘lower”’ 
segment was shortened to a single ray initial (Fig. 23). In roots and old 

- stems, on the other hand, the fusiform initials are longer as a rule and the 
number of segments is usually greater, subdivision proceeding to the third 
order or beyond. At first, when the segments are still in vertical contact 
with each other, the length of the individual segments is generally within 
the range 150-500 uw, but some are shorter or longer. 


After subdivision some of the segments cease periclinal division, others 
continue as cambial cells, some for varying periods, others indefinitely. Most 
of those which persist become shorter, separating from each other. Reduction 
in height continues, aided often by further transverse anticlinal divisions, 


until the segments are ultimately reduced to typical ray initials approximately 
20 uw high. 


During the shortening of the transitional ray initials retardation of periclinal 
division occurs. This is most evident in the xylem of old stems where gaps 
exist between the irregularly shaped, first-formed cells of new rays (Figs. 3 
and 25). The decreasing frequency of periclinal division is probably one of 
the most important factors in the shortening of the nascent ray initials at this 
stage. 


Certain other circumstances combine to facilitate change in shape of the 
cambial segments undergoing transformation to ray initials. In tangential 
sections of the cambium the shortening initials are seen to be spindle-shaped 
with attenuate upper and lower tips. Radial sections of the xylem reveal 
: that many of the cells formed by these initials have ghostlike extremities, the 
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walls fading away to a barely perceptible outline at the tips (Fig. 25). The 
tips appear to be flattened and normal wall formation prevented. This is 
doubtless due in part to inherent properties of the cells themselves and in 
part to compression by the adjoining fusiform elements. Such compression 
may be a factor influencing the change in shape of the cambial cells under- 
going transition to ray initials. It is noteworthy that while the transitional 
cells in the first-formed parts of new xylem rays often have flattened ghostlike 
tips, the progressively shorter tracheids formed by unsegmented fusiform 
initials during the period of decline immediately preceding inaction have 
quite well developed tips (Fig. 2). 

Many of the cells in the early parts of new xylem rays are somewhat 
diamond-shaped in radial view, with broad central portions and narrowing 
tips. This form would seem to indicate a tendency for the horizontal 
dimensions to be increased at the expense of the vertical. It denotes a 
considerable wall plasticity and differential adhesive qualities of the middle 
lamella which make possible extensive alterations in cell form. During the 
period of changing cell shape, when periclinal divisions toward the xylem side 
are retarded or infrequent, plastic lamellar substances are aggregated and 
molded into forms simulating partial cell outlines (Figs. 3 and 25). The 
position and configuration of these aggregations show them to have arisen as 
a consequence of sliding movements between the spaced derivatives of the 
shortening cambial ray cells and the radially contiguous fusiform elements 
on either side. The semifluid nature of the middle lamella in the cambial 
area, the plasticity of the cell walls, and possibly pressure exerted by the 
neighboring fusiform elements operate together with the retardation of 
periclinal divisions to bring about vertical contraction and radial extension 
of the transitional ray initials and their derived cells. 


After their origin from the cambium the cells in the first-formed parts of 
new rays often undergo secondary division, with walls oriented in various 
directions (Figs. 24 and 25). Sometimes the division produces decidedly 
unequal cells. Fig. 25 illustrates an instance in which the first three vertically 
elongate cells, marking the transition from fusiform elements to rays, were 
each divided into a long and a short cell. At times such divisions occur in 
the cambial cells themselves. Often the transitional cambial cells are some- 
what quadrilateral in shape, as viewed in radial section, with the upper and 
lower walls sloping in a convergent manner toward the xylem. Periclinal 
division of such cells results in a shorter cell on the xylem than on the phloem 
side. Subsequent height will in large measure be dependent upon which of 
the daughter cells functions as a cambial cell in the next periclinal division. 


It would seem that many factors are involved in the shortening of the 
segments of cambial cells to ray initials. Beginning sometimes before and 
continuing after subdivision the cambial cells appear to lose some of their 
customary vigor. The former aggressive tendency for expansion both in the 
longitudinal and radial directions is lost. Instead most of the segments 
experience vertical and tangential shrinkage. The shrinkage is accompanied 
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by retardation of periclinal divisions. The latter circumstance, along with 
the plastic properties of the cell wall and the semifluid condition of the middle 
lamella, aided possibly by pressure from the neighboring fusiform elements, 
facilitates progressive change in cell shape through the succession of cells 
which retain their generative capacity and function cambially. Continued 
decrease in height follows along with increase in radial dimensions, particularly 
of the derived ray cells. At times unequal periclinal divisions of the transi- 
tional cambial cells also occur. Further transverse anticlinal division is, of 
course, another important factor in height reduction and multiplication of 
the evolving ray initials. 
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CARBOHYDRATE NUTRITION OF CHLORELLA VULGARIS! 
By A. C. NEISH 


Abstract 


A substrain of the Pratt-Trelease strain of Chlorella vulgaris was grown at 
30° C. in light (200 ft-c.) and in darkness, on Emerson’s medium enriched with 
various carbohydrates and related compounds in 1% concentration. D-glucose, 
D-fructose, D-galactose, and B-glucosides such as aesculin, cellobiose, lactose, 
and methyl-8-D-glucoside, are all good sources of carbon and energy for growth 
in darkness. Alpha glucosides such as sucrose, maltose, and methyl-a@-D-gluco- 
side are poor substrates as are also D-mannose, L-mannose, L-galactose, the pen- 
toses, sugar acids, sugar alcohols, and polysaccharides. Illumination stimulates 
growth in the presence of D-glucose, D-fructose, and D- galactose more than in 
the presence of the B-glucosides. With methyl-G-D-glucoside better growth is 
obtained in darkness than in light. The optimum temperature for growth of 
the organism is near 35° C. in the media used. Basal media containing nitrate 
nitrogen allow better utilization of sugars than those containing ammonia 
nitrogen. Most of the glucose utilized is converted to cellular material. 


Introduction 


Chlorella has been widely used as an experimental organism for the study 
of photosynthesis, consequently a large number of papers on its physiology 
have been published. Most of these have been studies on autotrophic meta- 
bolism. Less has been done on its heterotrophic nutrition, although, being a 
soil alga, it must compete with other organisms under natural conditions 
which are not favorable for photosynthesis. However, it was observed by 
Beijerinck that the original strain of Chlorella vulgaris would grow on malt 
extract in the dark and since that time a number of workers have made 
observations on the growth of various strains of this organism in darkness 
using media containing sugars and other organic compounds (1, 2, 3, 4, 5, 6, 10, 
15, 17, 18). This work has shown that different strains of this species vary 
considerably in their ability to utilize sugars. For example, some strains of 
Chlorella will utilize mannose while others will not (5, 8). Generally speaking, 
glucose is a good source of carbon, although not always the best one. 


Recent work on the production of biochemical mutants offers a new approach 
to the problem of photosynthesis. Mutants can be produced that are incap- 
able of photosynthesis but still contain chlorophyll (7). Since these must be 
cultured heterotrophically, a study to determine the optimal conditions for 
growth of Chlorella on organic media may provide information helpful to 
workers in this field. 


The present paper deals with the effect of some environmental factors on 
the growth of a strain of Chlorella vulgaris in media containing glucose and the 
efficiency of various carbohydrates and related compounds in supporting, or 
stimulating, growth in light and in darkness. 


1 Manuscript received October 19, 1950. 


Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Sask. Issued as N.R.C. No. 2301. 
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Experimental 


Organism 


The culture of Chlorella vulgaris was an isolate of the Pratt—Trelease strain 
of Chlorella vulgaris obtained through the courtesy of Dr. Robert Emerson. 
The organism was plated on an agar medium containing glucose, a single 
colony selected, cultured, replated, and then a single colony again selected 
to obtain a strain numbered C-5 in the author’s collection. 


Preparation of Media 


All media were made using water redistilled from a very dilute solution of 
sulphuric acid and potassium permanganate in a Pyrex apparatus having a 
double vapor trap. The salts and carbohydrates used were the best grades 
commercially available. Whenever a carbohydrate was added to a medium 
it was first sterilized as a solution in distilled water of 10 times the concen- 
tration desired in the final medium, and one volume mixed with nine volumes 
of the sterile mineral solution when cool. The composition of the mineral 
solutions used is given in Table I. 


Methods of Culture 


The tests on various substrates were done using 5 ml. of medium in 25 ml. 
Erlenmeyer flasks plugged with cotton in the usual way. No attempt was 
made to supply carbon dioxide in excess of that present in the laboratory air. 
The flasks were inoculated using one drop of a culture grown in Emerson’s 
mineral solution (see Table 1), and then incubated at the desired temperature 
either in light in a specially constructed, illuminated incubator, or in darkness 
in a conventional bacteriological incubator. Those in darkness were placed 
inside a cardboard box with a close-fitting cover to protect them from diffuse 
light. The illuminated incubator was a box built of thin aluminum sheets 
with a false bottom of glass. Fluorescent lights were mounted about one foot 
below the glass to give light with a fairly uniform intensity of about 200 ft-c., 
over the area used, at the glass surface inside the incubator. The flasks were 
placed directly on the glass. The air inside the incubator was circulated by a 
fan running constantly and thermostated within + 0.2° C. by a De Khotinsky 
bimetallic thermoregulator operating a small electric heater. Another fan, 
also running constantly, was used below the glass to dissipate the heat of the 
lights. This incubator, which will operate at 2°-15° C. above room tem- 
perature, can be used for the culture of algae that grow well at temperatures 
around 30° C. 


Measurement of Growth 


Growth was measured by hemocytometer cell counts in many of the prelim- 
inary experiments and whenever turbid media were used. However, when 
possible, it was determined by centrifuging the contents of the flask in a 
Constable sedimentation tube and measuring the volume of packed cells. 
Essentially the same results were obtained in seven minutes as in 15 min., 
using 2000 r.p.m. in a centrifuge with a radius of 20 cm. The technique 
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finally adopted is as follows. One ml. of 0.2 molar potassium hydrogen 
phthalate is added to each flask in order to dissolve precipitates that sometimes 
form when heavy growth causes the medium to become alkaline. The 
content of each flask is then washed into a Constable sedimentation tube and 
centrifuged for 10 min. at 2000 r.p.m. The volume of the packed cells is 
noted. Sometimes a white sediment is deposited, as a distinct layer on top 
of the cells, composing 5 or 10% of the total sediment. This is not included 
in the measurement, although it may contain some products of cellular break- 
down. This simple, fairly precise measurement gives results that parallel the 
cellular nitrogen content (14). 


Material Balance for Glucose Utilization 


The organism was cultured in 15 ml. of medium containing 1% glucose in 
500 ml. Erlenmeyer flasks of known volume each fitted with a 24/40 standard 
taper joint. The flask stopper was provided with a 1.5 mm. bore vacuum 
stopcock. After inoculation some flasks were filled with purified nitrogen by 
evacuating and filling three times, others were left full of laboratory air. 
Each flask was allowed to stand in a water bath of 30° C. for one hour, the 
pressure noted, and the stopcocks then closed. A sample of the laboratory air 
was analyzed at this time. 

After incubating the sealed flasks for 15 days at 30° C. in light (200 ft-c.), 
the pressure in each flask was measured at a known volume and temperature. 
This was done by connecting the flask to the chamber of a Van Slyke mano- 
metric gas analysis apparatus. The flask was immersed in water of known 
temperature and a sample drawn into the chamber exactly to the 50 ml. mark. 
The pressure was then noted with the connecting stopcocks open in order to 
measure the total amount of gas in the flask and chamber. A sample of the 
gas was then analyzed to determine the concentration of oxygen and carbon 
dioxide (21). 

The cells were separated from the liquid by centrifuging and washing and 
both the cells and the supernatant fluid analyzed for carbon by the method of 
Van Slyke, Folch, and Plazin (20). Residual carbohydrate in the cell-free 
medium was determined by the anthrone reaction (12). 


Results and Discussion 


Effect of Composition of Medium and Temperature on Growth 

Some preliminary experiments indicated that glucose gave considerable 
stimulation of growth in light and could serve as the only carbon source 
necessary to obtain good growth in darkness. Consequently a study was 
made of conditions influencing the growth on glucose, before any extensive 
tests with other carbohydrates were done, in order to ensure that favorable 
conditions were being used in the tests. 


Six different mineral solutions (Table |) were compared for their ability to 
support growth in light and in darkness with and without the addition of 1% 
glucose (Table II). In the absence of glucose the first three media are as 
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TABLE I 


MINERAL SOLUTIONS FOR THE CULTURE OF ALGAE* 


Final concentration (gm. per liter) 
S: 
Medium |Beijerinck’s| Molisch’s Kok’s_ Emerson’s | Warburg’s 

f medium | medium | medium | medium | medium 
KNO; — — — 1.26 1.26 0.252 
NH,«NOs; — 1.00 — 
NH,sMgPO, . 6H,O 1.00 — 
KH.PO, — 1.22 0.272 
K2HPO, — 0.200 0.400 — 
MgSO, . 7H,0 — 0.124 0.400 2.46 2.46 1.01 
NaCl — — 0.150 
Fes(SO,)s 0.010 0.0010 0.010 0.028 0.010 0.028 
H;POs3 0.0029 0.0029 0.0029 0.0029 0.0029 0.0029 
MnCl; . 4H:O 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 
CaCO; 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010 
Reference (17) (17) (11) (9) (22) 


* Medium A devised by author; use of magnesium ammonium phosphate suggested by 
Pringsheim (17). The other media have been modified somewhat, particularly by addition of 
minor elements and calcium carbonate. 


good as or better than the last two but the latter are much better as basal 
media for glucose. The difference is most marked when comparing Medium A 
and Emerson’s medium; this has been confirmed several times. One major 
difference between these two groups of media is that the first three contain 
ammonium nitrogen while the last two have nitrogen available only as nitrate. 
It is known that such a difference in nitrogen source may affect the optimum 
temperature for growth (19) and this may help to explain these results. _How- 
ever, it is more convenient to work at 30° C. than a lower temperature in 
most laboratories. Kok’s medium is the same as Emerson's, with sodium 
citrate and more iron added. The citrate supports a little growth in the dark 
and causes a slight stimulation in the light but this medium is not as good as 
Emerson's as a basal medium for glucose. 


The growth in Warburg's medium is about the same under all conditions 
as in Emerson's (Table I1) in spite of some rather marked differences in 
composition, and though the cells in Warburg's medium appear to have a 
higher chlorophyll content. However, larger colonies of Chlorella are obtained 
when Emerson's medium is used as the basal solution for glucose agar, than 
when Warburg’s medium is used. Hence Emerson’s medium was chosen for 
further work on the carbohydrate nutrition of this organism. 
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TABLE II 
COMPARISON OF GROWTH OF Chlorella vulgaris ON VARIOUS MEDIA 
Inoculated with 0.5 million cells and grown in light and in darkness at 30° C. in six 


different media, with and without addition of 1% glucose. Five ml. of medium 
was used in a 25 ml. Erlenmeyer 


Millions of cells per flask after seven days’ growth 


Medium* Light Dark 


Glucose Glucose Glucose Glucose 
added not added added not added 


Medium A 250 37 142 <i 
Beijerinck’s medium 53 10 44 <4 
Molisch’s medium 179 14 162 ee 
Kok’s medium 341 13 191 5 
Emerson’s medium 1150 8 202 i | 
Warburg’s medium 1110 9 184 <1 


* See Table I for composition of media. 


The optimum temperature for the growth of Chlorella is generally believed 
to be about 20°C. to 25°C. although it is known to withstand higher tem- 
peratures (19). Practically all workers culture it at 25°C. or lower. How- 
ever, when tested in darkness on Emerson’s medium containing 1% glucose, 
the strain used in this work gave its optimum growth at 35° C. with much 
better growth at 30°C. than at lower temperatures (see Table III). » There 


TABLE III 


EFFECT OF TEMPERATURE ON GROWTH OF Chlorella vulgaris IN DARKNESS 


Grown in the dark on Emerson’s medium plus 1% glucose at the stated 
temperatures for seven days. Inoculated with 0.2 million cells per flask 


Temperature, °C. | MI. of packed cells per liter} Relative growth 


20 3.0 1.0 

25 4.0, 3.8 1.28 
30 4.4 1.46 
35 4.7, 4.8 1.56 
40 <0.1 < .03 
45 <0.1 <.03 


is little or no growth at 40°C. It is more difficult to determine growth at 
several temperatures accurately in illuminated cultures, particularly at the 
lower temperatures, without spending a considerable amount of time building 
apparatus. Some experiments have been done (see Table IV) in the light 
which, although not covering a very wide temperature range, give results 
similar to those obtained in darkness. A temperature of 30° C. was chosen 


| 
| 
| 
\ 
id 
1 
4 


h at 
the 
ding 
light 
sults 


josen 


for the remaining experiments since this allows a margin of safety against 
thermal injury, yet is high enough for good temperature control in incubators 
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cooled by the laboratory air. 


The growth curves in Emerson’s medium containing glucose in light and in 
darkness are shown in Fig. 1. Most of the growth is attained in about eight 


Fic. 1.—Rate of growth of Chlorella vulgaris in Emerson’s medium containing glucose. 


Circles represent media containing 1% glucose and squares media containing 2% glucose. 
There is no detectable difference in growth due to variation of glucose concentration in 
this range. 


GROWTH (MI.OF CELLS PER LITER) 


EFFECT OF TEMPERATURE ON GROWTH OF Chlorella vulgaris IN THE LIGHT 


Grown in 5 ml. of Emerson’s medium in a 25 ml. Erlenmeyer flask at 
200 ft-c. illumination for six days at the stated temperature. Inoculated 


TABLE IV 


with 0.2 million cells 


Millions of cells per flask on sixth day 
Temperature, °C. 


Without glucose 


26 6.9 810 
34.5 29 1100 
36.5 6.9 600 
42 0.3 3.1 


20 


With glucose 


a 

A 

dark 

= 

2 a 6 8 10 


TIME (DAYS) 


| 
73 
4 
od 
ved 
em- oO 
ow- light 
ose, a 
uch 
| 
1ere 
16 
12 
8 
4 


74 CANADIAN JOURNAL OF BOTANY. VOL. 29 


days in illuminated cultures, although the maximum may not be reached 
for some time in darkness. The growth in seven days is proportional to the 
initial concentration of glucose (see Fig. 2) at concentrations below 0.5% 
but is independent of glucose concentration in the range of 1-2% and begins 
to show some decrease at 5%. 
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PERCENT GLUCOSE 
Fic. 2.—Effect of glucose concentration on the growth of Chlorella vulgaris. 


Open circles represent growth in light and filled circles growth in darkness. Grown for 
seven days at 30°C. and light intensity of 200 ft-c. 


On the basis of these experiments it was decided to test the other carbo- 
hydrates at 1% concentration in Emerson’s medium by measuring the growth 
after seven days’ incubation at 30° C. 


Comparison of Carbohydrates as Carbon Sources 


The compounds tested fell into two distinct groups, (a) those which caused 
little or no stimulation of growth, and (b) those which had a strong stimulating 
effect. These groups are shown in Table V. The only compounds with a 
strong stimulating effect are the three hexoses, D-glucose, D-fructose, and 
D-galactose and the four B-glucosides tested which would give D-glucose on 
hydrolysis. None of the other monosaccharides, or the a-glucosides capable 
of yielding D-glucose by hydrolysis, give much stimulation of growth. Some 
quantitative data on these are given in Table VI. Growth in media containing 
aesculin was determined by hemocytometer counts because of the presence of 
crystals of this sparingly soluble glucoside. 
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TABLE V 
CARBOHYDRATES AND RELATED COMPOUNDS TESTED AS SUBSTRATES FOR Chlorella vulgaris 


Tested at 1% concentration in Emerson’s medium for growth stimulation in both light 
(200 ft-c.) and dark at 30°C. 


Compounds causing little or no stimulation of Compounds having a strong 
growth stimulating effect 
L-Arabinose Starch D-Glucose 
D-Arabinose Glycogen D-Fructose 
D-Xylose Cellulose D-Galactose 
D-Ribose Inositol Methyl-8-D-glucoside 
D-Xylose Adonitol Cellobiose 
D-Mannose Dulcitol Lactose 
L-Mannose Mannitol Aesculin*** 
L-Galactose Sorbitol 
Sorbose Pentaerythritol 
Rhamnose Glycerol 
Methyl-8-L-xyloside D-(—)-2,3-Butanediol 
Methyl-a-D-glucoside meso-2,3-Butanediol 
Maltose D-Gluconic acid* 
Sucrose Mucic acid 
Melibiose Magnesium glycerophosphate** 
Melezitose Ascorbic acid 
Raffinose Acetoin 
Inulin Dihydroxyacetone 


* Neutralized by NaOH and used in 0.2% concentration. 
** 0.2% concentration. 
*** Medium supersaturated at 0.5% concentration. 


TABLE VI 


GrowTH oF Chlorella vulgaris IN MEDIA CONTAINING CARBOHYDRATES 


Grown at 30°C. in Emerson's medium containing 1% of the added carbohydrate for seven 
days, using 5 ml. of medium in a 25 ml. Erlenmeyer 


MI. of packed cells per liter* 
Light Dark 
Carbohydrate added 
1 1 
None 0.4 0.5 0.1 0.05 
D-Glucose 21.8 ig.2 4.4 4.2 
D-Fructose 18.0 2.2 4.4 4.0 
D-Galactose 12.6 9.2 2.4 te 
Cellobiose 12.2 10.6 S.2 4.6 
Lactose 12.2 8.4 5.8 4.0 
Methyl-8-D-glucoside 0.6 0.5 3.8 2.6 
Maltose 0.6 0.6 0.6 0.4 
Sucrose 0.6 0.5 0.3 0.2 
Methyl-a-D-glucoside 0.5 0.5 0.5 0.2 


* In Experiment 1 flasks were inoculated with 0.6 million cells and in Experiment 2 with 0.1 
million cells. 
Aesculin was tried in Experiment 1 and gave 400 million cells per flask in light and 200 


million cells per flask in darkness. At the same time an illuminated control culture gave 10 million 
cells. 


| 
‘or 
rbo- - 
wth 


76 CANADIAN JOURNAL OF BOTANY. VOL. 29 


All of these compounds will allow some growth in the dark but the 
B-glucosides (cellobiose, lactose, and methyl-6-D-glucoside) are much better 
than the a-glucosides (maltose, sucrose, and methyl-a-D-glucoside). This 
difference between these two classes of glucosides is even more pronounced 
in illuminated cultures, except for the curious behavior of methyl-6-D- 
glucoside. This compound is apparently utilized more readily in the dark. 
A similar observation has been made with inositol using another strain of 
Chlorella (4). Cellobiose gives less stimulation than glucose in the light while 
it is as good as glucose in the dark. This suggests that the B-glucosides are 
hydrolyzed before being utilized by this organism and that the rate of hydro- 
lysis may limit the rate of growth. 


In early experiments with another strain of C. vulgaris, isolated from the 
same parent culture, the behavior shown here by methyl-8-D-glucoside was 
repeatedly demonstrated for lactose and cellobiose also (i.e. better growth in 
darkness than in light). This other strain was lost in moving from Ottawa 
to Saskatoon and the new strain used in this work does not show this effect 
except with the methyl glucoside. Attempts to isolate a strain similar to 
that used in Ottawa have been unsuccessful. A reasonable explanation is that 
adaptive enzymes are formed for utilization of B-glucosides, and the rate of 
adaptation is slower in light. It was shown in Ottawa, using the strain now 
lost, that after several transfers in the light on a medium containing cellobiose, 
the organism would grow on a cellobiose medium almost as rapidly as on a 
glucose medium in the light. This is clearly an adaptative phenomenon. It 
is not necessarily a strain difference, for the present strain is probably the same 
as the original, but may be partially adapted and difficult to change to the 
nonadapted state. 


It is rather interesting that D-mannose is a poor substrate for growth, while 
D-glucose, D-fructose, and. D-galactose are all good substrates, especially 
when one considers that glucose is more closely related (stereochemically) to 
mannose than to the other sugars. Mannose does not interfere with growth 
when it is added to a medium containing D-glucose but by itself it is no 
better than maltose or sucrose. Mannose has been shown to be respired 
vigorously by C. pyrenoidosa (2) and to support growth of other strains of 
Chlorella (5) but it is of little value as a substrate for the strain C. vulgaris 
used in the present work. Of all the compounds listed in Table V only as- 
corbic acid and acetoin inhibited growth in the concentrations used. 


Glucose is the best carbon source, of the compounds tested, for the growth 
of Chlorella vulgaris in light although fructose is nearly as good. Growth in 
media to which no organic compound is added could probably be greatly 
increased by bubbling air enriched with carbon dioxide through the flasks (13) 
as is usual when Chlorella is grown for studies on photosynthesis. Since, in 
the present studies, growth is undoubtedly limited by lack of carbon dioxide, 
it is easier to detect stimulation of growth by organic compounds. 
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Products of Glucose Dissimilation 
The products formed from glucose by C. vulgaris grown in illuminated 
cultures were determined (see Table VII). Most of the glucose was utilized 
TABLE VII 
UTILIZATION OF GLUCOSE BY Chlorella vulgaris 
Grown at 30° C. with illumination (200 ft-c.) in sealed 500 ml. Erlenmeyer flasks containing 


an atmosphere of air or purified nitrogen and 15 ml. of Emerson’s medium containing 1% 
of glucose. Inoculated with 0.8 million cells per flask 


Experiment 1 
(anaerobic at 2 
start) aerobic) 

Initial pH 5.3 5.3 
Final pH 7.5 7.8 
Number of cells (millions) 2640 2500 
Increase in atmospheric oxygen, mM. 0.756 0.700 
Initial glucose, as mgm. carbon 28.6 28.6 
Final glucose, as mgm. carbon 1.69 1.91 
Glucose utilized, as mgm. carbon 26.91 26.69 
Washed cells, as mgm. carbon 22.6 23.6 
Nonglucose carbon in medium, mgm. 1.59 1.64 
Increase in atmospheric CO2 , as mgm. carbon 0.06 0.15 
Total carbon recovered, mgm. 24.25 25.39 
Per cent carbon recovered 90.5 95.0 
Per cent glucose carbon converted to cells 83.0 88.5 
Moles O: formed per mole glucose utilized 2.03 1.89 


in these experiments and 80-90% of it converted to cellular material, although 
there were some soluble carbon compounds of unknown structure formed, 
which probably include bicarbonates. In addition, there may have been some 
volatile organic compounds which would not have been measured by the 
analytical method used. However, the main overall reaction in its utilization 
seems to be: 
light 
—————~>_ cellular material + 20.. 


It is possible that some of this oxygen comes from reduction of nitrates. This 
equation reflects the composition of the cells and under conditions where more 
fat is produced more oxygen would be formed. This strain did not grow 
anaerobically in the dark but it initiated growth readily in the light under 
anaerobic conditions. Once growth starts in the light, oxygen is formed and 
the conditions are no longer anaerobic. Probably a catalytic amount of 
oxygen or some other hydrogen acceptor would be sufficient to start growth in 
the light, but in darkness, it is soon used up and growth ceases. The photo- 
chemical reduction of nitrates may also be of importance in initiating growth in 
the light under anaerobic conditions. 
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Chlorella is known to produce cellular material and carbon dioxide as the 
main products when grown on glucose in darkness (16) just as it does when 
grown in the light. It is rather interesting that light should cause such a 
strong stimulation of growth when an excess of glucose is present. This has 
been observed with other strains (2, 3,5). Light could do this by stimulating 
respiration or increasing permeability of the cell membranes as well as by 
being used in the reduction of nitrates; or by aiding in production of some 
intermediate of carbohydrate breakdown more suitable for growth than 
glucose itself. 
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ACID METABOLISM OF McINTOSH APPLES DURING THEIR 
DEVELOPMENT ON THE TREE AND IN COLD STORAGE! 


By G. Krotkov,? D. G. WILson,? AND R. W. STREET‘ 


Abstract 


From the time of fruit setting early in the spring and throughout the whole 
summer, samples of fruits were taken directly from the tree. In the fall several 
bushels of apples were picked and placed in cold storage. These constituted 
the source of material during the winter. Weekly samples of fruits were analyzed 
for pH and titratable acidity of their sap, and also for their organic acids content. 
Various stages in the acid metabolism of fruits were found to correspond chrono- 
logically very closely with those of carbohydrate and respiration. During the 
first two to four weeks of the fruit ontogeny, the pH of the apple juice falls 
rapidly to a value of about 2.8. Thereafter there is a slow, steady rise which 
continues until the next spring. This regularity makes the pH of the juice a 
better indicator of the physiological age of a fruit than either its chemical com- 
position or respiratory rate. Initially, the malic acid content of a fruit is low, 
and some unknown organic acids predominate. This relation is reversed within 
the first two to four weeks of growth and during the rest of the ontogeny malic 
acid forms about 80% of the total organic acids of a fruit. 


Introduction 


The importance of organic acids in the chemical composition and metabolism 
of apple fruits has been emphasized by a number of workers. From studies 
on apples during storage it has been suggested ‘‘that acid metabolism regulates 
the metabolism of an apple and that the consumption of acid may be an 
essential part of the respiratory cycle” (4). The rate of acid consumption in 
storage was reported to be logarithmic (3). Since the high rates of respiration 
and the accumulation of both nitrogen and organic acids all occur within the 
first two months of the fruit ontogeny, it has been assumed that the synthesis 
of organic acids in an apple is closely connected with respiration (1). 

In the majority of the investigations published so far, the organic acid 
content has been inferred from the titratable acidity of the apple juice, and 
usually no attempt has been made to differentiate between the various acids. 
The more exact methods of analysis for organic acids, worked out recently by 
Pucher et al., have been used only occasionally (11). Moreover, the majority 
of papers describe the changes in mature, stored apples and in the only investi- 
gation including also changes on the tree, samples were taken as far as one 
month apart (1, 2). 

It would be interesting, therefore, to have a picture of acid metabolism of 
apple fruits based on more modern and extensive methods of analysis than 
titratable acidity. Moreover, such a picture should be obtained for the whole 


1 Manuscript received October 17, 1950. 
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ontogeny of the fruits, and not just for the later part of it in storage. The 
investigation described below was carried out with the object of obtaining 
such data. 


Materials and Methods 


In 1942-43 apples for the samples came from three different sources. At 
the beginning of the summer a tree was selected in a private orchard near 
Kingston* and for the first three weeks of the season all the apple samples 
were taken from this tree. At the end of this time it was noticed that the 
fruit on this particular tree had not set properly, so that another tree from 
the same orchard was selected. From this second tree samples of apple fruits 
were taken throughout the whole summer. On Sept. 23 several bushels of 
apples were picked and placed in cold storage at about 2° C. These provided 
samples for the winter. After two months of storage a heavy infestation by 
apple scab began to soften apples at an alarming rate, and a large percentage 
of them had to be discarded. By the end of December all the available 
apples were used, and it was necessary either to turn to the third source of 
fruits or to terminate the experiment. 

A bushel of McIntosh apples was bought, therefore, on a market, placed 
in our storage room, and it provided the source of fruits for the rest of the 
winter. In view of the fact that experimental material for this year’s work 
came from three different sources, one might expect considerable variations 
in the analytical data at the time of changing from one source of fruits to 
another. This expectation has not materialized. As is apparent from the 
presented figures, ontogenetic changes in apple fruits, at least in those used, 
were remarkably uniform irrespective of the source of the fruits. 


Throughout the whole year samples of fruits were taken at approximately 
weekly intervals. At the beginning of the season, when the fruits were small, 
each sample consisted of several hundred fruits. With the increase in the 
size of an average apple, their numbers rapidly dropped. From the middle 
of July and until the end of the year, each sample consisted of five average 
looking apples. 

Each sample of apple fruits was placed first in cold storage at 2° C. for 
24 hr. to cool, and then its respiration was determined for 24 hr. by means of 
the continuous gas method with Pettenkoffer tubes. At the end of the 24 hr. 
early samples were frozen directly at —18°C. Later samples consisting of 
larger apples were peeled, quartered, and cored before being frozen. Frozen 
fruits were passed through a food chopper and their pulp was placed on a 
Buchner funnel. After the pulp had thawed out, the juice was sucked by 
vacuum and analyzed. 


On one aliquot of this juice its pH was determined. The second aliquot 
was used for the determination of its total organic acids according to the 
method of Pucher ef al. (8, 10). Juice was acidified to pH 0.8, concentrated 


* The authors wish to express their thanks to Dr. N. Miller for his kindness in providing apples 
for these experiments. 
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at 65°-70° C., absorbed on the acid washed asbestos and extracted with ether. 
Organic acids were transferred to an aqueous solution of 1N sodium hydroxide 
and made to a volume. One aliquot of this solution was titrated between 
pH 8-2.6 using a Beckman pH meter. The results give the total organic 
acids and these are expressed as milliequivalents per 100 ml. of apple juice. 
Under these conditions 98% of the malic acid is titrated. 


A second aliquot of the aqueous solution of organic acids was used for the 
determination of the malic acid content according to the method of Pucher 
etal. (9). Malic acid is oxidized with potassium permanganate in the presence 
of potassium bromide. The product, which is a bromine compound, is steam 
distilled into a solution of dinitrophenylhydrazine. The precipitate formed is 
filtered off and dissolved in pyridine. The pyridine solution, when made 
alkaline with sodium hydroxide, gives a blue color which is read in a Klett- 
Summerson colorimeter.* 


This reaction is remarkably specific for malic acid and, of the common 
organic acids, citric acid is the only one which interferes. Preliminary tests, 
however, have indicated that the amount of citric acid in McIntosh apples is 
small, equalling about 5% of the total acids fraction. The sampling error 
for six replicate samples of the same juice has been found to be 2.15% for the 
total organic acids and 2.82% for the malic acid content. 


In 1948-49 the source of apples was from the same tree in a commercial 
orchard near Kingston, which was used in earlier work on either respiration (6) 
or on carbohyrate metabolism of apple fruits (7). 


The methods for the determination of respiration and for the analyses of 
organic acids were the same as in 1942-43. The determinations of pH and 
titratable acidity throughout the whole year and of the total organic acids 
and malic acid content in the first three samples, were made on aliquots of 
juice obtained by suction as in 1942-43. However, after the fourth sample, 
the juice for the determination of the total organic acids and malic acid 
content was obtained by fractional centrifugation. This consisted of placing 
a sample of thawed out pulp into a centrifuge tube, stirring it with 10 ml. of 
distilled water, and centrifuging it for 30 min. The supernatant liquid was 
poured off, and 5 ml. of distilled water was added to the pulp which was 
thoroughly stirred and centrifuged again. It was found that after four of 
such operations the fifth centrifugation increased the total acids extracted 
from the pulp only by 1%. For this reason, all the samples were centrifuged 
four times, the supernatant liquid with washings was made to a volume and 
an aliquot of it was acidified and extracted with ether in a modified Soxhlet 
according to Isaacs and Broyer (5). Subsequent analyses of organic acids 
were made on this extract. 


* The authors wish to express their thanks to the American Academy of Arts and Sciences 
which provided funds necessary to buy this instrument. 
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Results 


Changes in the pH and titratable acidity of the apple juice are given in 
Figs. 1 and 2. In both years pH started with a high value at the time of the 
fruit setting, and within the first six weeks it dropped rapidly to about pH 2.8. 
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Fic. 1.—Changes in the pH of the apple juice, 1942-43. 


For the next 9-10 months pH slowly rose, practically on a straight line, and 
by the next April it reached, in both years, the same value of about 3.5. 
Fig. 2 also presents simultaneous changes in the titratable acidity. After a 
brief initial drop titratable acidity rapidly increased coming to a peak at 
about the same time that the pH reached its lowest value. From this 
peak and until the next May, the fall in titratable acidity is expressed by 
a logarithmic curve. 

As is seen from Fig. 3, the total organic acid content of the apple juice 
declined during the first two weeks of the fruit development. Then it rose 
to a peak value for the year early in August. Following a brief decline, it 
remained fairly steady until about the end of October when it entered on a 
period of continuous decline until the next spring. 


As is seen from the same graph, the malic acid content was very low initially. 
However, it rose rapidly, and from the beginning of July and until the next 
April it ran closely and fairly parallel to that of the total organic acids. Other 
organic acids besides malic were high in the early stages of fruit development. 
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Fic. 2.—Changes in the pH and titratable acidity of the apple juice, 1948-49. 
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Fic. 3.—Changes in the total organic acids and malic acid content, 1942-43. 
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Within the first few weeks, however, their concentration rapidly declined, 
and they remained relatively low for the rest of the observed life of a fruit. 
Fig. 4 presents changes in the total organic acids and malic acid contents, 
not of the juice but of the apple pulp. Unfortunately the earliest June 
samples are missing, so that it is impossible to say whether in this year, as in 
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Fic, 4.—Changes in the total organic acids and malic acid content, 1948-49. 


1942-43, other acids predominated over the malic acid in the early stages of 
fruit development. For the rest of the year the trends for all the fractions 
were essentially the same as those for the juice in 1942-43. The main difference 
between the two years is that in 1942-43, the peak in total organic acids 
occurred early in August and after a brief fall the subsequent steady values 
were maintained at a high level until late in October when they began to 
decline. In 1948-49 the peak was reached by the middle of July and after a 
precipitous fall, the subsequent steady values were maintained at a much 
lower level, until the end of October when there was a subsequent decline. 


Changes in the respiration of fruits in both years were essentially the same. 
The graph obtained in 1942-43 has been presented and discussed already 
elsewhere (7). 


Discussion 


Changes in the percentage of malic acid in the total organic acid fraction 
are shown in Figs. 5 and 6. In Fig. 5 all the points have been calculated 
from the analysis of the vacuum sucked juice. In Fig. 6 the first three points 
have been obtained on similar juice, and the rest from the organic acids 
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extracted by the fractional centrifugation. In 1942-43 organic acids other 
than malic predominated in the earliest stages of fruit development. Then 
their content rapidly declined while that of malic acid rose, and from the 


100 


Al 


60 
o~ 


-o—© Malic acid 
- Other organic acids 
Date of picking 


Percentage of total acidity 


‘ 
° 2 4 4 4 L 
ul 
‘ 
t 
June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. March April 


Fic. 5.—Malic acid and other than malic acids as percentage of total acidity, 1942-43. 


100 


| ALAR | 


28 7 
3 WY 
Malic acid 
Other organic acids 
Q¢ 
é a 
\ 
R PSY 4 
by 


June July Aug. Sept. Oct. Nov, Dec. Jan. Feb. March April Moy 


Fic. 6.—Malic acid and other than malic acids as percentage of total acidity, 1948-49. 
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beginning of July onward this last acid accounted for about 80% of the total 
organic acids of the fruits. Though data for the earliest stages of fruit ontogeny 
are missing in 1948-49, the general trends of the graphs suggest a similar 
picture. 


The rise in titratable acidity from the middle of June and until the middle 
of July, as seen in Fig. 2, was brought about mainly by malic acid, although 
the very peak of it coincided in time and in magnitude with an increase in 
other acids. The subsequent precipitous drop in the-second half of July was 
brought about by the disappearance of about equal amounts of both malic 
and other acids. 


} The magnitude of this drop in titratable acidity was equal numerically to 
ae the simultaneous fall in the organic acids content. One can conclude, there- 
| fore, that it represented a real fall in the acid content of fruits and was not 
brought about by an increase in the cation content of the tissues. 


In order to obtain the acid changes in a single apple during its ontogeny, 

: the data have been re-calculated as follows. The average weight of a single 

y ’ apple in each sample was plotted against the sampling time, and a smooth 

graph was drawn through these points. From this graph it was possible to 

find the weight of an average apple at any stage of its development, and, 

knowing the percentage of various acids in the apple pulp, to calculate their 

absolute amounts in a single apple. The results of such calculations are 
given in Fig. 7. 


It is apparent that from the middle of June until the beginning of September 
the total organic acids content of a single apple was increasing at a practically 
constant rate straight line. It remained constant until the end of October, 
and then began to decline until the next May. The main acid present was 
malic; other organic acids were low, although they had a slight tendency to 
increase in importance, especially after the peak in September had been 
reached. 


Dividing milliequivalents of malic acid in a single apple by the factor 14.92, 
it is possible to express the amount of this acid in grams. Knowing seasonal 
changes in the weight of an average apple one can calculate the percentage 
of its weight as malic acid. Fig. 8 presents the results of such a calculation. 
In the early stages of fruit development the percentage of malic acid in a 
fruit was high. From the middle of July and until the next May, it gradually 
declined, at first rapidly, then progressively at a lower rate. 


It was reported earlier (7) that in the ontogeny of an apple fruit one can 
distinguish six stages. The first stage is characterized by the highest per- 
centage in a fruit of living matter, and at the same time the respiratory and 
the relative growth rates are at their peak; starch content declines and the 
sugars are low. In the vicinity of Kingston this stage lasts till about the 
middle or the end of June. In the second stage the daily increases in the 
weight of an apple are the highest and about one-half of the final weight of 
an apple is produced in this stage. Rapid deposition of starch is its most 
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Fic. 7.—Changes in the acid content of a single apple, 1948-49. 


typical characteristic. This stage lasts till the first week in August. In 
the third stage respiration drops to its lowest value. Accumulation of various 
constituents continues at about one-half of the rate observed in the preceding 
stage. Rapid disappearance of starch is its most striking characteristic. 
This stage lasts till the end of September, when apples are usually picked. 
In the fourth stage there occurs a climacteric rise in respiration and a sudden 
increase in the sugar content. These sugars do not come from the hydrolysis 
of some reserve carbohydrate or as a result of translocation from the tree. 
Their source is at present unknown. This stage is over by about the middle 
of October. In the fifth stage the respiration and sugar content begin to 
decline. Sugars disappear at a rate which is two to four times greater than 
is expected on the basis of carbon dioxide respired. This stage lasts until 
the middle of December. In the sixth stage sucrose is the only sugar that 
declines, while both glucose and fructose accumulate. Carbon dioxide 
production in respiration is in excess of the sugars simultaneously lost. This 
stage lasts until May. 


From the changes in the acid metabolism, as observed in various periods 
of fruit development, one can also postulate the existence of a number of 
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Fic. 8.—Malic acid as percentage of a single apple fresh weight, 1948-49. 


different stages through which a fruit passes during its ontogeny. A com- 
parison between the duration of various stages of fruit ontogeny as given 
above, with those of acid metabolism is made easier by the fact that in 1942-43 
the same experimental material was used for both studies. . 


In 1942-43 during the first stage of acid metabolism there was a rapid decline 
in the pH of the apple juice. Initially malic acid was low and some other 
organic acids were in excess. A rapid rise in the first and an equally rapid 
fall in the second completely reversed the relation between these two fractions 
by the end of this stage. A similar change in pH and probably the same 
relation between malic and other organic acids was observed in 1948-49. If 
the drop in pH is assumed to be the main characteristic of this stage, then in 
both years it lasted until the end of June. If the duration of the initial drop 
in the total organic acids, or the period when malic acid values are constant 
is taken as the main characteristic, then this stage ends by the middle of June. 
That the duration of various stages will be somewhat different, depending on 
which characteristic is taken as the distinguishing one, was pointed out 
earlier (7). 

During the second stage of acid metabolism there is a rapid increase in the 
total organic acid content with malic acid now predominating. In 1942-43 
this stage lasted until early in August, and in 1948-49 until the end of July. 

The third and fourth stages of carbohydrate metabolism are the pre- 
climacteric and the climacteric ones. In the third stage, starch is hydrolyzed 
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and respiration reaches its lowest value; in the fourth stage, sugars appear in 
an apple in great quantities, and respiration goes up. The fourth stage ends 
by the middle or the end of October. 

In the acid metabolism these two stages are merged into one. At the 
beginning of it the total organic acid content dropped precipitously in 1948-49 
and only slightly in 1942-43. The values reached were maintained fairly 
steadily until the middle of October or beginning of November. This observa- 
tion is of interest, since during the climacteric stage the sugar content of 
apples is suddenly and considerably increased. The simultaneous mainten- 
ance of the steady values for the organic acids excludes them as a possible 
source of this rise in sugars. 

From the end of October or beginning of November the total organic acids 
enter a period of steady decline. The fifth and sixth stages of carbohydrate 
metabolism also seem to be merged into one stage—the fourth—of acid meta- 
bolism. This decline in total organic acids during the fifth stage of carbo- 
hydrate metabolism, when large amounts of sugars disappear from the fruits, 
again excludes the possibility that these disappearing sugars are transformed 
into and stored as organic acids. 

Chronologically there is a remarkable correlation between the duration of 
various stages in both carbohydrate and acid metabolism of apple fruits. 
Thus the first and second stages of both coincide quite closely. The third 
and fourth stages of carbohydrate metabolism together are of the same 
duration as the third of acids, while the fifth and sixth of carbohydrates are 
equal to the fourth of acids. From this similarity, one can conclude that there 
is a very close relationship between the carbohydrate and acid metabolism in 
apples. 

On the other hand there is also an observation that the increase in the 
sugar content of fruits in the fourth, and their disappearance in the fifth stage, 
of carbohydrate metabolism are not reflected by the corresponding changes 


in the acid fractions. One can conclude, therefore, that the relation between 
the two is not a simple one. 


Summary 


1. Various stages of the acid metabolism in an apple fruit correspond 
chronologically very closely with those of carbohydrates and with respiration. 


2. During the first four to six weeks after the drop of petals, the pH of the 
apple fruit juice is rapidly falling. It reaches the value of about 2.8, and then 
slowly goes up in a straight line for the rest of the ontogeny. On account of 
this regularity, once the pH of the juice has begun to increase, its magnitude 
represents a better indicator of the ontogenetic stage of an apple fruit, than 
its respiratory rate and either carbohydrate or acid content. 

3. At the time of petal fall organic acids other than malic predominate. 
During the first two to four weeks of fruit development this relationship is 
reversed, and at the end of this period malic acid forms close to 80% of the 
total organic acids. It stays at this value for the rest of the ontogeny. 
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4. No disappearance of organic acids was observed during the climacteric 


rise in the sugar content of fruits, and no accumulation in the immediate 
postclimacteric period when large amounts of sugars disappear. It is con- 
cluded, therefore, that these variations in the sugars are not brought about by 
their appearance from or disappearance into organic acids. 


10. 
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